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A model of gas—surface reactivity is developed based on the idea&@ttemtsorbate chemistry is a

local phenomenon(b) the active system energy of an adsorbed molecule and a few immediately
adjacent surface atoms suffices to fix microcanonical rate constants for surface kinetic processes
such as desorption and dissociation, &jdenergy exchange between the local adsorbate—surface
complexes and the surrounding substrate can be modeled via a Master equation to describe the
system/heat reservoir coupling. The resulting microcanonical unimolecular rate tMIGRTT) for
analyzing and predicting both thermal equilibrium and nonequilibrium kinetics for surface reactions
is applied to the dissociative chemisorption of methane qilBt Energy exchange due to
phonon-mediated energy transfer between the local adsorbate—surface complexes and the surface is
explored and estimated to be insignificant for the reactive experimental conditions investigated here.
Simulations of experimental molecular beam data indicate that the apparent threshold energy for
CH, dissociative chemisorption on (B1l) is E;=0.61 eV (over a C—H stretch reaction
coordinate, the local adsorbate—surface complex includes three surface oscillators, and the pooled
energy from 16 active degrees of freedom is available to help surmount the dissociation barrier. For
nonequilibrium molecular beam experiments, predictions are made for the initial methane
dissociative sticking coefficient as a function of isotope, normal translational energy, molecular
beam nozzle temperature, and surface temperature. MURT analysis of the thermal programmed
desorption of CH physisorbed on P111) finds the physisorption well depth is 0.16 eV. Thermal
equilibrium dissociative sticking coefficients for methane or{lPY are predicted for the
temperature range from 250-2000 K. Tolman relations for the activation energy under thermal
equilibrium conditions and for a variety of “effective activation energies” under nonequilibrium
conditions are derived. Expressions for the efficacy of sticking with respect to normal translational
energy and vibrational energy are found. Fractional energy uptikedefined as the fraction of the

mean energy of the complexes undergoing reaction that derives frojthttlegrees of freedom of

the reactant$e.g., molecular translation, vibration, gtare calculated for thermal equilibrium and
nonequilibrium dissociative chemisorption. The fractional energy uptakes are found to vary with the
relative availability of energy of different types under the specific experimental conditions. For
thermal dissociative chemisorption at 500 K the fractional energy uptakes are predicted;to be
=13%, f,=18%, f,=33%, andf,=36%. For this equilibrium scenario relevant to catalysis, the
incident gas molecules supply the preponderance of energy used to surmount the barrier to
chemisorptionf = f+f,+f,=64%, but the surface contribution Bf=36% remains significant.

© 2003 American Institute of Physic§DOI: 10.1063/1.1525803

I. INTRODUCTION unimolecular rate theory for activated dissociative chemi-

Understanding the mechanisms and kinetics of surfac8Orptior is implemented in a more computationally exact
chemistry is central to advancing technology derived frommanner and is expanded within a Master equation approach
many fields, ranging from catalysis and corrosion inhibition,t0 explicitly account for vibrational energy transfer with the
to device physics, materials science, nanotechnology, and trgurface. The central tenets of the model are taadsorbate
bology. Although the investigation of nonequilibrium and ki- chemistry is a local phenomenofh) the active system en-
netically controlled surface phenomena induced by molecuergy of an adsorbed molecule and a few immediately adja-
lar, electron, and photon beams is an active researcbent surface atoms suffices to fix microcanonical rate con-
frontier,! there has been relatively little exploration of simple stants for surface kinetic processes such as desorption and
statistical theorigs® to model these systems. In this paper, dissociation, and(c) energy exchange between the local
we describe a general framework for analyzing and predictadsorbate-surface complexes and the surrounding substrate
ing both thermal equilibrium and nonequilibrium kinetics can be modeled via a Master equation to describe the system/
for surface reactions. Specifically, an earlier microcanonicaheat reservoir couplingsee Fig. 1
Activated dissociative chemisorption of molecules on
dElectronic mail: harrison@virginia.edu metal surfaces is the rate-limiting step for many catalytic
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AB Flux Desorption acts with a surface will enhance IVR rates relative to those of
\4, _____ / an isolated molecule in the gas phase. Finally, it is worth
System: AB_:—>Reaction noting that in the gas phase, microcanonical rate theory can
.. ee :v\ guantitatively predict detailed rates for most adiabatic
Reservoir  'TTTTCt Energy . 4 . ¢
atT, Exchange reactions.® including even the hydrogen exchange reaction,

Hg)+ Hz(g)— Ha(q) + H(g) . =° @ reaction that proceeds with-
out any deep potential wells in the neighborhood of the tran-

(AB(y Sp)e- sition state that might support long lived intermedidfem
- R(E,E')l TR(E’,E)k © this paper, we implement a micr_ocanonical transition state
AB(9)+sn<’?(AB(Pf S)g —F——> AgS +BS, theory of dissociative chemisorption whose free parameters
E can be fixed through iterative simulation of varied experi-
. R mental data or calculated directly by EST, thereby establish-
M:g" . —_ ‘;ﬂ_“;" Energy ing a plear and quantitative connection between the results of
Desorption Association experiment and EST.
A Evaluation of the quantitative applicability of any sur-
s facg k.inetic.s theory is phallenging becaqse gxperimental dis-
e, |, g, elle £, sociative sticking coefficients measured in different laborato-
g ries can differ by as much as an order of magnitt/dand
~— the accuracy of transition state energetics derived from EST
E | remains the subject of lively debaf&!®In consequence, we
° choose to develop a surface kinetics theory with a minimum
< 5 number of adjustable parameters with the foreknowledge that
Gas-s > %n-mys RRKM rate expression$ are notoriously insensitive to the

Reaction coordinate

choice of all but the lowest vibrational mode frequencies in
FIG. 1. Schematic depiction of the kinetics and energetics of activated disthe transition state and very sensitive to the choice of reac-
sociative ;hemisorption. Zero-point energies are ir_nplicitly included within tion barrier height. As will be seen, a three-parameter model
the potentla! energy curve along the reaction coordinate. Refer to the text fofrOr dissociative chemisorti f th
further details. ption of methane or(1R1) can
adequately predict the results of all 62 initial sticking mea-
surements made at IBM over a wide range of molecular
syntheses of industrial importance and these reactions aR€am conditions. For CHPt(111) the three-parameters are
sufficiently simple to be attractive model systems for studythe apparent threshold energy for dissociatiggs0.61 eV
by the chemical physics community. Although activated dis-(0ver a C—H stretch reaction coordingta lumped low fre-
sociative chemisorption, such as bBn Cu111)° and CH on  quency representative of the ¢HPt stretching mode along
a variety of metal surfac€< has been investigated for some the surface normal and the frustrated rotations within the
years, there remains little apparent consensus as to whenpflysisorption potential wellyp=110 cm *; and the num-
dynamical theory or a statistical theory is most appropriate tder of surface vibrational modes that can freely exchange
make connection with experimehimpressive progress in energy in the local adsorbate—surface compkex3. The
the electronic structure theoffST) of metal surfaces makes theoretical analysis supports the notion that the, (4(111)
it possible to calculate reasonable transition state structureggactive potential energy surface has 16 active degrees of
energies, and normal mode frequencies for catalytidreedom and it is encouraging that a considerably smaller
reactions’*:—but it has been difficult to experimentally test number of parameter) suffices to predict the varied sur-
the accuracy of these calculations. Although the multidimenface kinetics in quantitative fashion.
sional and sometimes quantum-state resolved dissociative Throughout this paper, we assume that activated disso-
sticking data derived from molecular beam or associativeciative chemisorption on metals occurs adiabatically on a
desorption experiments can usually be summarized usingingle Born—Oppenheimer potential energy surface. Energy
empirical fitting forms, no rigorous connection has beentransfer between the adsorbate—surface complexes and the
made between the resulting experimental fit parameters anehderlying substrate is assumed to occur through phonon
the reaction barrier height and other quantities that can beediated vibrational energy exchange. There is no explicit
directly calculated by ES¥ Extrapolating from what is accounting for the possibility that electron—hoke-) pair
known about gas-phase reaction dynamfosne anticipates creation may accompany molecular adsorptidriNor is
that statistical Rice—Ramsperger—Kassel-Mar@RRKM)  there any explicit provision for coupling—h pair creation in
theory should suffice to describe the dissociative chemisorpthe metal to adsorbate vibrational modes as is known to be
tion of most polyatomic molecules although dynamical ef-significant for the vibrational relaxation of the high fre-
fects may be important for smaller molecules where intramoguency stretching mode of CO on @a1).!
lecular vibrational energy redistributiorflVR) can be To thoroughly understand molecular beam studies of ac-
negligible. Nevertheless, dynamical effects in surface kinettivated dissociative chemisorption it will be useful to briefly
ics may be unusual to observe even for the smallest molreview thermalized trapping-mediated dissociative chemi-
ecules because the low frequency phonon and locadorption prior to treating direct dissociative chemisorption.
adsorbate-surface modes introduced when a molecule inte®Bur Master equation approach towards activated dissociative
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chemisorption will be seen to encompass trapping-mediatetional energies can also undergo trapping-mediated dissocia-
dissociative chemisorption as a limiting case. tive adsorption on certain Ir and Pt surfaces even though

E.r>E.p for this molecule?®

At sufficiently highE, and T, the trapping probability

Il THERMALIZED TRAPPING-MEDIATED for thermglizat!or? of th_e in_cident moIecers tgnds tp zero and
DISSOCIATIVE CHEMISORPTION “direct” dissociation kinetics may dominate in which there

is no apparent thermalization of the incident molecules. Un-

Following Weinbergf! let us first consider the kinetics of der these conditions, there is insufficient energy exchange

thermalized trapping-mediated dissociative chemisorption oWith the surface and the lifetime of the molecule on the sur-

a moleculeAB on a metal surface, face is too short for efficient thermalization to the surface
. ke temperature. The (% ¢) fraction of the incident flux that is
AB(Q)‘;AB(‘))_)A(CPL B (1) ot completely trapped and thermalized can undergo up to a

few relatively high energy collisions/oscillations with the

i i surface prior to desorption and these provide the opportunity
whereAB can exist as a weakly bound physisorbed moleculgq, «girect” dissociation. For dissociative adsorption systems

or as dissociated chemisorbed fragments on the surface. TRg, \vhich E.z>Eap, the direct dissociation channel is likely
Initial trapping probability.Z, is the probability for an initial 1 gominate any thermalized precursor mediated dissociation
flux of moleculesF, incident on a clean surface to become pecayse a thermalized adsorbate is much more likely to de-
trapped in the physisorption well for sufficient time that the ¢/ then to readi.e., S—0 in Eq. (4)]. Kinetic analysis of
molecules become accommodated to the surface temperggect dissociation involving energetic and incompletely ther-
ture. After trapping, the thermalizetB,;,) can go on toreact jjized reagents cannot employ familiar Arrhenius thermal
(dissociatively chemisojbor desorb with thermal rate con- 40 constants but rather requires a more detailed microca-

stantskg andkp, . If the (1) fraction of the incident flux honical or full dynamical treatment of the reactive system.
which does not trap essentially bounces off the surface with

relatively little probability for dissociation, then an initial

sticking coefficient can be derived on the basis of the(EQ. ). MASTER EQUATION FOR ACTIVATED
kinetics above. Applying the steady state approximation t@|SSOCIATIVE CHEMISORPTION

the coverage of trapped and thermalized physisorbed mol- ) ) . ] o
ecules, 6, Let us now restrict our attention to activated dissociative

chemisorption systems of the kind depicted schematically in
Fig. 1 for which Eg>Ep [e.g., CH on P{111)] and the
dissociation kinetics are direct. We will assume that the
chemistry is local and involves the collisional formation of
an energized complex consisting of a physisorbed molecule

D

de,
sz F—(krt+kp)0,=0, 2

defines the reactive flux as

dé, o kg and a few surface atoms that can go on to react, desorb, or
Gt KR O = ket Ko F=SF (3)  exchange energy with the substraSgate densities at reac-
tive energies should be sufficiently high [e.g.5 p@r cm™?
and the sticking coefficient as at Eg for CH,/Pt(111)] that dissociation rates will depend
[k kel —1 on the total energy, E, of the energized complex rather than
= +E :g( 1+ k_D) on any dynamical propensity to react from favored quantum
R D R

states The high state density at energies relevant to reactive
-1 processesE=ER) also means that any collision that could

) , (4) lead to reaction is likely to efficiently and randomly mix the

energy of the incident molecule and that of the few surface
where{ is a dynamical parameter dependent on the details oitoms of the physisorbed complex. Because our primary in-
the incident flux ankg andkp are thermal rate coefficients terest is in calculating dissociative sticking coefficients, we
of the Arrhenius formk;(Ts)=A; exp(—E,/kyTy), that de-  will simply assume that when a molecule initially collides
pend on the surface temperature. Molecular beam experwith the surface full statistical energy mixing occyssibject
ments are typically required to experimentally determine theo applicable conservation layslf this postulate breaks
behavior of{={(E;,Ts) which depends on the translational down at energies less thdty it will influence low energy
(and possibly the internaknergy of the incident molecules desorption rates but it should have relatively little effect on
and the surface temperature. The overall kinetics contains, #te calculated dissociative sticking coefficients. Finally, we
a minimum, three independent parameters to be determineéllow for vibrational energy exchange between the energized
The trapping model has been applied to numeroysa®@  complexes and the surrounding metal such that detailed bal-
higher alkanes on a variety of Ir, Ru, and Pt substfites ance applies and the complexes can be equilibrated to the
under conditions where the initial trapping probability is surface temperature under appropriate conditions. These as-
large(i.e., thermal incident energies or translational energiesumptions lead to a microcanonical rate theory based on the
E;<0.5 eV) and the activation energy for reacti@),r, is following Master equation for the time evolution of the cov-
apparently smaller than that for desorptidfy,y. Very re-  erage of physisorbed complexes at endfgy increment of
cently there have been reports that methane at low transl@nergydE, 6,(E,t)dE,

AD EaD_EaR
B (”— "[‘T
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do,(E, 1) microscopic levef? Extrapolating to reactive systems, there
— gt JE=F(E,DdE—1ke(E) +ko(E)} 65(E, )dE may be some systems whose reactivity obeys normal energy
scaling but whose apparent trapping behavior does not. We
will assume in such cases that parallel momentum is con-
served over the duration of the reactive collision, a time pe-
riod fixed by the desorption rate at energies ER .

—R(E’, E)6,(E, t)dE}dE’, 5 Conservation of molecular angular momentum directed
along the surface normal may introduce another constraint
on collisional energy exchange for smooth surfaces if
nr((;latively uncorrugated interaction potentials produce insig-

pseudo-first-order rate constants of the faR(E, E') gov- nificant in-plane torques. We ignore such possibilities here.

I . Unless subject to additional conservation laws, we as-
ern the vibrational energy exchange with the metal that trans- . .
. . sume that when a gas molecule collides with the surface full
fers energized complexes at energy to energyE. It is

worth noting that, although in this paper tFEE.t) source statistical energy mixing occurs within the physisorbed

. . : complex formed of the molecule and a local cluster of a
term for forming energized complexes at enekgyvill de- . : :
) - ST few surface atoms. Following the energetics of Fig. 1, the
rive from the collisional flux from an impinging molecular

beam or ambient ga§,(E,t) could equally well represent a freely exchangeable energy of the physisorbed complex

source term for energized complexes derived from electroh
or photon induced excitation of molecules already phys-
isorbed at low temperature.

+JO{R(E,E’)0p(E’,t)dE

whereF(E,t)dE represents an external flux that forms phy-
sisorbed complexes at energy kg(E), andkp(E) are mi-
crocanonical rate constants for reaction and desorption, a

E=Eq+E+E,+E, +E, (6)

A. Energy distribution of physisorbed complexes whereEg is the vibrational energy of the cluster of surface

4-28 . . . atoms,E;, E,, andE, are the translational, vibrational, and
Theory*~?®and experimert on multiphonon scattering . . o :
. rotational energies of the incident molecule, respectively, and
of rare gases from smooth close packed metal surfaces fi

. is th rption energy. Th rption energy i |
that the gas momentum parallel to the surface is largely con-2¢ s the adsg ption ene gy. 'he adso ptio _energy 1S equa
. . o the desorption energl , if there is no barrier to desorp-
served. Parallel momentum conservation derives from a lac . .
. . . . ion that rises above the asymptotic energy for a molecule at
of corrugation of the interaction potential parallel to the sur- Do . -
face and tvoically breaks down for aeometrically rouaher rest at infinite separation from the surfa@es in Fig. 1. If
ypicaily 9 Y TOUGNET.,, allel momentum is conserved only the normal component
more open surfaces that possess more corrugated interacti

potentials. Dissociative chemisorption studies of metffane aEtEE ,:triiné?tlg;al energf,=E; cos(#), contributes tcE
t . .

and hydrogehincident on some close packed metal surfaces L .
Molecules striking a surface from a supersonic molecu-

have found that dissociative sticking scales with the molecu- S S o
. . lar beam have a nonequilibrium energy distribution which is
lar translational energy directed normal to the surfd€g,

—E, co(9), whered is the angle of incidence away from typically characterized by the beam’s mean translational en-

o ) ) . _ergy,(E,), and its translationall, vibrational,T,, and ro-
the surface normal. This “normal energy” reactive scaling, oo e
. ~tational, T, , temperatures. The vibrational energy distribu-
suggests that parallel momentum is conserved over the time .
. o jon of the metal surface atoms before impact of a molecule
scale of a reactive collision on a smooth surface and tha

only the normal translational energy is effective in promotin IS governed by the surface temperatufg, Consequently,
rea)(/:tion ay P Ypesides the beam’s mean translational energy, four indepen-

Trajectory calculatiori for Ar scattering from Ri11) dent temperatures play a role in fixing the energy available in

at high temperatures found that Ar often undergoes quasf? gas-surface collisionTy, T, T,, andTs. The flux of

equilibrium trapping/desorption for which desorption occursphySI80rbed complexes formed with enefgys given by
after thermalization of the normal momentum but before the E-E

parallel momentum can be equilibrated to the surface tem- F(E):j fi(E) F(E—E;j)dE;

perature. The calculated time for thermalization of parallel 0

momentum for the Ar/R111) system is quite long, 84 ps at e

273 K, which is roughly twice the time required for desorp- _ " ad . _

tion. Under such conditions of quasiequilibrium desorption, _FOJ fi(B)T(E-E)AE=F, f(B),  (7)
with incomplete thermalization of parallel momentum, stan-

dard assumptions for experimental analysis of trapping probwhere

abilities, (E,Ts), may fail1! Memory retention of the in-
cident parallel momentum skews the trapping/desorptior} (& Ei—Es

angular distribution away from co8] and into the angular i(Ei)= jo fs(Es) fo fo(E,)fr (B~ Es—E,)dE, dEs,
lobe of the direct inelastic scattering channel making clean (8
experimental separation of the trapping channel difficult, if

not impossible. This can lead to apparehiscaling with is the probability distribution for forming a physisorbed
E, cos'(9) with artificially variablen with T, even though complex with internal energy; ,

strict normal energy scalingqi& 2) of the trappindi.e., ther-

malization of the normal momentynalways applies at the Ei=E.+E,+E,, (9)
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8 |i|||||l|ll"'"' CH, molecular beam is onl\f;=25 K in this example, the
‘ H” T, =800 K breadth of the collision induced physisorbed complex flux
‘ H‘ T, =680 K distribution,f(E*), is quite broad (fwhns0.34 eV). In dis-
e 6 1 T,=T, sociative sticking experimentd,(E) is typically scanned
= T, =017, over a range oE where dissociative chemisorption is pos-
E < /&) sible by (a) varying the mean translational energg,), and
E ] (E,)=0.01eV T, of the molecular beam by seeding in various carrier gases
T (E,)=0.05eV and/or by changing the beam nozzle temperatiitg, (b)
a <—f(E) varying T,, to exert control oveiT, andT,, or (c) varying
=] (Es)=0.19¢V the surface temperaturé,.
/fv(Ev)
0 T | II Ty T T T T T . .
B. Microcanonical rate constants
0.0 0.2 0.4 0.6 0.8 1.0
@ The microcanonical rate constants for reaction and de-
Energy [eV] sorption,kg andkp , are of the usual RRKM forii=*
8 T, =800 K WHE—E;)

ki(E)= (10

hp(E)

f(E)—> T, =680 K
6 - E, =0.61 eV . - oo
f(E) 3 where W, is the sum of states for transition stateh is
T =25K Planck’s constant, ang is the physisorbed complex density

(E,)=025eV of states. Symmetry factors for rotational motioas should

be built into thep’s and W's for the transitions states and
physisorbed complex in order to consistently implement the
(E")=087ev Eq. (5) Master equatioi® Symmetry factors account for
classical over-counting of rotational states in high symmetry
< fE) molecules with indistinguishable atoms such that

= pistinguishabid ¢ (Where, for exampleg=2 for H, and

(E,)=0.62 eV

Distribution [eV ]
-

0 ' ' ' o=12 for CH,(5)). Reaction path statistical factdrshould
(b) 04 03 06 0:2 L2 2 not be incorporated into the microcanonical rate constants as
Energy [eV] a substitute for consistent implementation of the symmetry
factors.

FIG. 2.' (a) Rotational, V|brat|0nal,'an.d surface energy dlstrlbuthns associ- Transition states for dissociative chemisorption of poly-
ated with a molecular beam of GHhcident on Ptl11) along the direction . | | icallv i | Itipl di .
of the surface normal under conditions typical for dissociative sticking ex_atomlc molecules typically |ny0 ve multip _e coordination to
periments. These distributions are scaled such that the maximum value isthe surface because the optimal energetics usually occur as
units high and the surface energy distribution is inverted for clafty.  the dissociating intramolecular bond is only fractionally bro-
Normahzed- tran_slanonal energy dlstnbutlo*n of_thg |n<_:|dent40:idam and ken and the Separating fragments are beginning to form par-
the normalized internal and total energi*() distributions of the phys- ial bond h B Thi IV lead
isorbed complexes under the typical experimental condition®)of tia r?eW onds to the S_ur ace atoms. . IS Usua_}’ eads to
rotationally and translationally constrained transition states
with no overall symmetry. Such reactive transition states can

given canonical probability distributiorfs(Ey), f,(E,), and ?aectiisc;nfed as a collection of oscillators with a symmetry

f,(E,) for the surface vibrational energy and the molecule’s
vibrational energy and rotational energy, respectively. The
molecular flux distribution incident on the surfaceRgE;)
=F,f.(E;) whereF, is the net molecular flux incident on
the surface in monolayers/s afdE;) is the molecules’ flux
weighted translational energy distribution. The normalized  Vibrational energy transfer between the physisorbed
flux distribution for creation of physisorbed complexes with complexes and the surrounding metal is governed by rate
energyE is f(E). If parallel momentum is conserved over coefficientsR(E,E") which can be expressed as a product of
the reactive collision then only normal translational energy ighe total inelastic collision frequency), multiplied by the
included inE andf,(E,) is replaced by the flux distribution collision step-size distributior?(E,E’),%

C. Vibrational energy exchange with the surrounding
solid

for normal translational energy. . R(E.E")
Figure 2 provides a representative example of the phys- R(E E’)d E:J R(E,E')d E[ —] dE

isorbed complex(E*), whereE* =E—E,q, and the assem- 0 [oR(E,E")dE

bly of f(E*) by convolution from the canonical distributions — wP(E.E")dE (11)

fs(Es), f,(E,), f,(E,), andf,(E;) appropriate for a molecu-
lar beam of CH impinging on a Rtl11) surface under typi- wherew is the integral over the rates of all inelastic transi-
cal experimental conditions for measurements of dissociativeons from initial energye’ to final energyE, and the quan-

sticking. Even though the translational temperature of thdity in braces isP(E,E’), sometimes also called the prob-
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ability of energy transferred per collision. The separation ofuse a “density weighted-exponential down” energy transfer
R(E,E") into the w P(E, E’) product is done for conve- model that is relatively easy to implement and simple in
nience because neithes nor P(E, E') occur separately concept. For downwards transitions frdg to E,

from one another and onR(E, E") need appear in the Mas- )

ter equation. Nevertheless, the factorizatiofR¢E, E') pro- (E,E')= p(E) exp{— E _E] for E'>E (16)
vides a useful physical picture for the energy transfer anc&D ' N(E") ’

establishes connection to vibrational energy transfer studies

in the gas phase. In the spirit of Fig. 1, for the physisorbed’VheriN(E ) 'Z a no:jmallzsthn_ golnstant ar(t:dls a pararrll-
complexes at the surfaeeis anticipated to be close to three eter that may depend on the initial enefgy. Consequently,

times the mean phonon frequende.g., o=3X%(3.7 ;Ehe pré,babillizty. for undergqir:lg %downévgrdshenergy transfer
X102 s71) for P! of the metal given that phonons bathe O™ E’ 10 E Is exponentially damped in the energy gap,

the complexes from three independent directions. If ther@E:E/__E' and propartional to_ the number (.)f final state_zs,
proves to be a bottleneck to rapid energy exchange with th@_(E)dE in (_jE at_E, fchat_ are available to land n. Th(.':' colli-
metal, the molecule/surface stretching vibration in the direcS1ON step-size dlstr|but|0|j for upwards transmons is deter-
tion of the surface normal might be a reasonable al'[ernativgq'mEd by the Eq(15) detailed balance requirement,
candidate to consider fap. With a consistent choice ab, p(E) 1 1

the Eq.(11) definition implies that the collision step-size P(E,E")= N(E) exp[ _(;+ T )(E—E'))

distribution is normalized, b

for E>E’. (17)

fo P(E,E")dE=1. (12 Determination of the energy depend®(E’) is worth
discussing more generally. For several energy transfer mod-

The requirement of detailed balance of the upward an@ls the downward collision step-size distribution has the
downward rates of collisional energy transfer for an equilib-form

rium population of physisorbed complexes at the surface

temperature, 6,(Et;Ts), constrains the form of the 1 , ,
R(E.E'), P(E,E')= NE' r(E,E") for E'>E, (18
R(E,E") 6,(E" t;Ts) =R(E’, E) O,(E, t;Ty), (13 whereN(E’) is a normalization constant andE, E') is

and ensures that the E) Master equation provides for no SOme partif:ular functiorte.g., exponential, Gaussian, etc.
net collisional energy transfer for a distribution of phys- The P(E,E’) for upwards transitions is fixed uniquely by
isorbed complexes in thermal equilibrium with the surface detailed balance after the initial specification of the down-
At thermal equilibrium, the physisorbed complexes are disward P(E, E'). In consequence, the E(L2) normalization

tributed according to the Boltzmann distribution, of the globalP(E, E") can be used to derive an integral
p(E)eX}:(—E/kaS) B(E) equation fOI’N(E,),34
O(EtTs) = (1) R =0,(1) oy’ (14 e
s f r(E,E")dE
where 6,(t) is the total coverage of physisorbed complexes N(E')= 0 (19
and p(E), Q(Ts), andB(E) are the physisorbed complex 1 »B(E) , '
density of states, partition function, and Boltzmann weight- - @L,@V(E ,E)dE

ing factor, respectively, for active degrees of freedom con-
tributing to the freely exchangeable energy Substituting that depends explicitly on only the downward collision step-
for 6,(E,t;T,) in Eq. (13) yields the detailed balance con- size distribution.

straint, In the density weighted-exponential down model of vi-

, , , brational energy transfew is closely related to the average
R(E,E ): P(E,E ): p(E) p{— E-E ]: B(E) energy transferred in downwards collisioqAE(E’))q,
R(E',E) P(E',E) p(E") kpTs B(E') which is a commonly reported measure for summarizing en-

(15 ergy transfer efficiency in the gas-phase,
Although there is a long history of investigation of vi- £

brational energy transfer in bimolecular gas phase (E'=E)P(E,E")dE
collisions33*3¢relatively little information is known about (AE(E"))g= (20)
the detailed form thaP(E, E’) should take. Some of the fE,P(E E"dE
models forP(E, E’) motivated by theoretical considerations 0 ’

are the stepladdéf, Gaussiari/ and biased random wafk
models. In this paper, we will employ a variant of the mostis roughly equal to (AE(E'))4, for E’>0. Barkers

widely used "exponential down” modéi for which the ex- recommendatiof} for estimatinga for gas-phase molecules

ponential dependence of the vibrational energy transfer prob-, . .~ . e .

- similar in size to benzene, in the absence of specific experi-
ability on the energy gap between levels can be broadly ra- Lo . oot
. . . . mental vibrational energy transfer information, is to set,
tionalized on the basis of both classical and quantum

mechanical analysis of intermolecular collisididdere, we a(E")=cqo+c E’, (21

If ais a function of the initial state enerdy’ alone,a(E")
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where cy~40 cm ! and ¢, varies with the identity of the where 6,(E) is the coverage distribution of either of the
molecular collision pairs. For example, EQ1) is followed  chemisorbed dissociation fragments E&tand S(E) is the
quite well for pyrazine and when this molecule collides with microcanonical sticking coefficient. Rearranging and writing
itself or with CQ,, (10 000 cm %) is 393 and 168 cm', the collision flux distribution as(E)=F, f(E) [as in Eq.
respectively’! To restrain the surface kinetics theory to a(7)] leads to the operational definition of the experimentally
minimum number of adjustable parameters, we will initially realized sticking coefficient,

assume that vibrational energy transfer between the phys-

isorbed complexes and the surrounding metal is mediated by g_— i %_ ifxdac(E) dE= fmS(E)f(E)dE
phonons impinging/outgoing from three independent direc- Fo dt  Folo dt 0 '
tions and takew equal to 3 times the mean phonon fre- (29
quency, 1.X 10 s 1, and« equal to the mean phonon en-
ergy, 122 cm?, of Pt[n.b.a# a(E")]. In the Debye model
of solids the mean phonon energy iskaDebye, where plex atE

Toenye S the Debye temperature. This simplest physisorbed compléRC) microcanonical

i Slome recte nt iszr'Te?ﬁl studies of gfas phalsl,e V'bl;aﬁnimolecular rate theoryMURT) provides a consistent
|or:a energy _rans”er etect the presence of a small num %rnalysis and prediction framework for both equilibrium and
of supercolhsmns_ that mv_olve energy transfer_s on the O™ honequilibrium  dissociative chemisorption ~experiments
der of 10k,T or higher which can lead to a biexponential (even at fully quantum state resolved leyélgo date, the

/ : i ; i 42
P(E,E’) with a significant highAE tail.™ Although the PC—MURT has enjoyed apparent quantitative success in

presence of a small quantity of supercollisions might lead tchandling the dissociative chemisorption from molecular
increased reactivity at low temperatures and low inciden eams of: methane on(®11)° silane on Si100,* and ger-

translational energies in activated dissociative chemisorptiopnane on GEL00 and Gé111).% Application to the dissocia-

on surfaces, in this paper we ignore supercollisions and eMon of larger alkanes on Pi11) was not as successful and

ploy the simpler density weighted single exponential downonIy the qualitative reactivity trends with increasing alkane
energy transfer model.

. o _ complexity were predictetf. Another apparent quantitative

. Replacmg, th_e vibrational energy ”a”SfeT rate goeﬁ"failure for the PC—MURT concerned its detailed balance pre-
c_|ents,R(E, E, ), In favor of the CO”'S'OO step-size dlstr_|bu- dictions for the translational energy distribution and angular
tions, P(E, E'), the Eq.(5) Master equation can be rewritten distribution for the methane reaction product from the laser-
as induced thermal hydrogenation of methyl radicals ofiPh
doy(E, 1) (i.e., the reverse reaction of methane dissociative chemisorp-
T F(E, 1) —{kr(E) + kp(E) + 0} 0,(E, 1) tion under thermal equilibrium condition® However,
quantitative agreement between theory and experiment was
recovered when the threshold energy for £ZPit(111) dis-
sociative chemisorption was allowed to vary frdp=0.63
to 1.2 eV as the coverage of+HCH; on the surface was
varied from 0 in the molecular beam experiments to close to
D. Dissociative sticking coefficient full coverage in the laser induced thermal reaction
o . . experiment$’ Arguing along Evans—Polanyi liné§ that as

. qu garller mlcr.ocan(_)mcal ummolecula_lr rat-e thedyr the reaction products are destabilized so too is the transition
dissociative chemisorption neglected vibrational €Ner9Y%tate, the threshold energy to methane dissociation should

transfer between the physisorbed complexes and the surfaﬁﬁcrease when a clean surface is tempered by an increasing

This simpler theory is recovered if all vibrational energy coverage of chemisorbed species. Nevertheless, a doubling
transfer terms are truncated from the Master equaiibner

which is simply the microcanonical sticking coefficient av-
eraged over the probability of forming a physisorbed com-

+wJ:P(E,E’)0p(E’,t) dE’. (22)

of the threshold energy as the chemisorbet ®H; cover-

(22 to give age increases towards saturation may represent an unrealis-
doy(E, 1) tically rapid rate of increase.
gt FE U {k(E)+ko(E)}6p(E, D). (23 When the PC—MURT is evaluated in a more computa-

o ] . tionally exact mannefe.g., by employing full state counting,
Within the framework of the reaction scheme of Fig. 1, let Usgjiminating an approximation to describe the rotational states
find an expression for the initial sticking coefficie8,when  f the desorption transition state, consistently implementing
a time-independent fluk, is made incident on a clean sur- symmetry factors, etg.as compared to earlier studies, the
face anddé./dt=S F, describes the initial increase in cov- methane molecular beam sticking predictions are quantita-
erage of either of the chemisorbed dissociation fragmentsjyely nearly identical but the detailed balance predictions

Applying the steady state approximation to the physisorbednow some significant changes as will be documented in a
complex coverage distribution & [i.e., setting EQ. (23) |ater paper.

=0] allows us to define the reactive flux Btas Despite some success in interpreting experiments, it is

d6.(E) N kr(E) worth pointing out explicitly that the PC—MURT is theoreti-
—at_ Kr(B)O;(E)= WF(E) (24)  cally crippled by its neglect of vibrational energy transfer
with the surface and this leads to complete independence
=S(E)F(E), from the adsorption energy of the physisorbed molecules
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(i.e., there is no mechanism to trap into the physisorptiorrealized sticking coefficient can be derived from a microca-

well). To clarify the last assertion, first notice that the micro-nonical sticking coefficient averaged over the cumulative

canonical sticking coefficient, probability for forming a physisorbed complex &t

+ Analytic solution of the Eq(22) Master equation for the
Kr(E) _ WR(E—Eg) (26) time dependent population of physisorbed complexes is not

kr(E)+kp(E)  WH(E—Eg)+Wi(E—Ep)’ generally feasible. Nevertheless, the Master equation can be

based the Eq10) rat fficients d d | th reformulated in matrix form and solved numerically for re-
ased on the EqJ0) rate coefficients depends only on the alistic systems. The first step towards a numeric solution is to

sums of states for _the reaction a_nd desorption trans't'o'ﬂartition the energy levels into a contiguous set of energy
states(after cancellation of the density of states for the phy'grains. Each grain may be thought of as an energy-grained

sisorbed complexgsChoosing an alternate energy floor for state, associated with an effective degeneracy and an appro-

the physisorbed complexes where the molecule is at inﬁmtf)riately weighted energy and rate constant. Following the

separation from the surface, the energy of a complex can b&raining procedure outlined by Holbroak al,®® we arrive
written asE* =E—E_q. It is then possible to rewrite Eq. ’

S(E)=

at the energy grained Master equati®@GME),

(26) as
+ d0|(t) R D
WR(E* —Eo) + WEH(E*) (32
and Eq.(7) as where ¢;(t) = 6,(E;, t) andE; is the energy of théth grain.
. Equation(32) describes the rate of change of the population
F(E*)= FofE f.(E) f(E* —E;) dE=F, f(E*), of theith grain and is one of a linear system of nonhomoge-
0 neous, coupled differential equations that can be written
(28)  more compactly in matrix form,
such that the experimental sticking coefficient d 0(t)
. ot F(t)+{w(P—1)—kR—KkPla(t)=F(t)+Ja(t). (33
=f S(E*) f(E*) dE¥, (29)

In Eq. (33), é(t) is the physisorbed complex population vec-
can be calculated without any reference to the adsorptiof?": F(t) is the incident flux vectork™ andk® are diagonal
energy whatsoever. matrices containing the grained rate constants, Ruisl the
energy transfer probability matrix.

To solve the Eq(33) EGME in the general case we use

the right eigenvector matriXg of the matrixJ to diagonal-
A formal solution for the experimentally realized stick- jze J via a similarity transformation,

ing coefficient from a molecular beam experiment beginning

E. Solving the Master equation

71 _
with the Eq.(22) Master equation in the steady state approxi- ~ XRr 9 Xr=A, (34)
mation is so that
:i%:jx Kr(E) J=Xgr A Xg', (35
FO dt 0 kR(E)+kD(E)+w

whereA is the diagonal matrix of the eigenvaluesJofSub-

w [ stituting Eq.(35) into Eq. (33) and multiplying from the left

X f(E)+F—f P(E,E’) 63XE") dE’)dE, by Xg* gives
0J0

d _ _ _
(30 G X" A =X FO+AXR" &1). (36
S= stw(E) f.(E) dE, (31 Rearranging and multiplying from the left by expAt)
O .
gives

where the microcanonical sticking coefficie®,(E), now d

correctly represents that there are three ways for a phys- e‘A‘(a(Xgl o) — A Xzt o(t)} =e M(Xg! F(1).
isorbed complex formed at enerdyto decay: to react, to 37)
desorb, or to exchange energy with the surface. The unnor-
malized cumulative flux distribution to form a physisorbed Equation(37) can now be integrated in time by noting that
complex afE is given byf(E), the trailing term in braces in the bracketed expressmn on the left is just the time derivative
Eq. (30). Interestingly, since the collisional flux distribution Of exp(-At) Xg* (1),

f(E) is already normalized to X.(E) integrated oveE can t

be greater than 1. This is possible because there are multiple f d{e M x5t 0(t’)}=f e M XS R(t)dt'. (39
opportunities to form a physisorbed complex at eneffgy 0 0

either directly from an initial gas—surface collision or after- Carrying out this integration we are left with a general solu-
wards through vibrational energy transfer with the surfacetion for 6(t) that only requires us to find the eigenvectors
Ultimately, as for the simple PC—MURT, the experimentally and eigenvalues of th& matrix
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A A (A ot e methane translational and vibrational energies, isotope, and
1) =Xg €% Xz~ H0)+Xg € foe Xg" F(t') dt’. surface temperature. Simulation of all the molecular beam
(39) data required adjustment of only three parametéts:the

To make further progress, an exact form for the incidentapparent threshold energy for Gidissociation on Ri11),

flux F(t) must be specified. For example, the energetics 0#2) the Iumped_freqL_Jency of th? QH;grface V|br_at|on and
F(t)=F(E,t) for a molecular beam impinging on a surface frustrated rotations in the phy5|so.rpt|o.n potentlgl well, and
are given by Eq(7). By choosingF(t) to be a step function (3) the total number of surface vibrational oscillators that
in time, the evolution off(t) towards steady state can be freely exchange energy within the physisorbed complex.
observed. Let us emphasize the point fRéE t) can take on Having established these parameters once and for all, the
any form, both in energy and time, that experiment dictatesPC—MURT is then used to predict the methane dissociative
With 6(t)=6,(E,t) in hand after solving Eq(39), the  sticking coefficient as a function of the nozzle temperature of
time and energy dependencies of the reactive and desorptithe molecular beam.
fluxes can be calculated as Next, in Sec. IV B, the PC—MURT is used to simulate
Fr(E.t)=Kg(E) 6, (E,t) (40) the thermal programmed desorptioFPD) spectrum of phy-
sisorbed CH on P{111). Simulation of the TPD spectrum
required adjustment of one additional parameter, the phys-
Fo(Est)=kp(E) 6, (E}Y), (41  isorption well depth, which is needed for implementation of
he full Master equatiottiME). In Sec. IV C, the PC-ME is
plemented for the C)/Pt(111) system and used to calcu-

and

respectively. The experimentally realized sticking coefficientt
for a surface that has been exposed to an incident gas flud"

F(E}), for a timet’, is late the steady state coverage of physisorption complexes,
sticking coefficients, reactive and desorbing fluxes, and the
S [o/oKr(E) Op(E,t) dE dt 42 time evolution of the coverage of physisorbed complexes.

We find that energy transfer between the physisorbed com-
plex and bulk platinum has only a small effect on the calcu-
Finally, any solutiong, (E.t), of the Master equation must a4 dissociative sticking coefficients at the high energies of
obey the conservation equation, the CH,/Pt(111) molecular beam experiments for physically

(S IGF(E L) dE dt

® o © (o reasonable choices of the two energy transfer parameters,
fo fo F(Et) dE dt= fo fo (kr(E)+kp(E)) andw. In Sec. IV D, the energy dependence of the density of
states and time scales for reaction and desorption for the
X Op(E 1) dE dt (43 CH,/Pt(111) physisorbed complexes are used to argue that a
expressing the fact that all particles incident on the surfacétatistical description of this reactive system is reasonable. In
must eventually desorb or react. Sec. IV E, the simpler PC—MURT is used with its three pre-

viously established parameters to calculate thermal dissocia-
tive sticking coefficients for Cldon P{111) as a function of
IV. APPLICATION TO CH 4(4«>CHy (¢, +Hc) REACTIONS temperature and isotope. Finally, in Sec. IV F, we deri\{e bgth
ON Pt(111) an exact and approximate form for the thermal activation
energy.

Activated dissociative chemisorption of methane on
Pt(111) is considered to be a direct process that occurs durin
the course of individual molecule—surface collision trajecto-
ries without trapping of the molecules and thermalization to  Supersonic molecular beams have been used to measure
the surface temperature. A trapping mediated reaction chamethane dissociative sticking coefficients on(1®1) by
nel for CH, dissociative chemisorption is discounted by de-separate groups at IBRf:>! Stanford® and Finland® with
tailed balance arguments because the associative desorptigitressingly variable quantitative results. The IBM data set
of CH, from the 240 K thermal reaction of fj+ CHz() ON 5 the most complete, has been quantitatively replicated in
Pt(111) displays a co¥(9) angular distribution without any 5 separate molecular beam instruments at IBM, and has
trace of a d!ffus_e cos) componenfc |nd|cat|v_e_ of trapp_mg been the subject of previous theoretical simulations using a
and thermalization before desorptithin addition, Madix ' . L

thermally assisted tunneling modeland an earlier imple-

and co-worker® have shown that the GHtrapping prob- . .
ability on P{111) at low temperaturesca. 100 K drops mentation of our PC—MURTY.Here, we return to simulate

sufficiently rapidly as the translational energy is increasedn® 'BM data using a more computationally exact implemen-

that trapping will be negligible at the higher GHenergies tation of our PC'—'MURT with a d|ﬁerent description of the

and surface temperatures to be considered here. desorption transition state and using the PC—ME approach
In Sec. IV A, the PC—MURT model is employed to cal- outlined in Sec. IIl.

culate dissociative sticking coefficients appropriate for Luntz ~ Dissociative sticking coefficients are readily calculated

and co-workers’ supersonic molecular beam measuremenis a computationally exact manner using the simple PC—

of methane dissociative sticking on(Ptl) as functions of MURT of Eq. (29),

. Dissociative sticking of methane
om a molecular beam
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TABLE |. Normal mode vibrational frequencies, , and degeneracied; , E* E* _E E* E.—E
for gas phase CHand CD (Ref. 55. f(E*)= f fi( Et)f o Es)f * L (Ey)
0 0 0
Mode CH, v, (cm™ %) CD, v; (cm™1) d;
X f,(E* —E,—Es—E,) dE, dE; dE;. (44
1 2914 2085 1
2 1526 1054 2 This distribution can be formed once the initial energy dis-
3 3020 2258 3 tributions for all p=13+s active degrees of freedom con-
4 1306 996 3

tributing to the total energy of the complexes have been
specified. These initial distributions are assumed to be inde-
pendent and include distributions for the normal translational
motion, the three rotational degrees of freedom, and the nine
S . . vibrational modes of the methane incident from the molecu-
S= fo S(E*) f(E*) dE*, (29) lar beam, as well as the distribution for tBeoscillators of
the local cluster of surface atoms. As previously noted, each
where E* =E—E4. Two quantities are required to make group of modes will be characterized by its own separate
such a calculation: the microcanonical sticking coefficienttemperature in a molecular beam experiment.
S(E*), and the initial collision induced physisorbed com-  The normalized flux weighted translational energy distri-

plex energy distribution(E*). Microcanonical sticking co-  bution for molecules in a supersonic molecular beatd’is
efficients were calculated from E@27) using the Beyer—

Swinehart state counting algoritfifrfor the transition states’ f(E)=NE, exd — (\/Et_ \/E—b)2 (45)
sums of states. The initial energy distribution of the phys- Bt t Ko Tt ’

isorbed complexes was calculated from E@$.and(28) via

direct convolution of the independent canonical energy dis- _ 2 82 3

tributions of the various active degrees of freedom of the - (kT2 ("+1)e 7+ Jm 53+§ J

complexes. Finally, Eq29) was used to average the micro- .

canonical sticking coefficient over the probability of forming -

a physisorbed complex &* to predict experimental disso- X[1+erf(d)] (46)

ciative sticking coefficients. However, prior to any of these

calculations we must first specify what degrees of freedom of/nere Ey defines the stream energy of the beais the
the physisorption complex are active and can freely eX_’[ranslatlonal temperature of the bealshjs a normalization

change energy with one another on timescales short confonstant, and=E,/k,T. Both E, andT, depend on the
pared to the reactions, either desorption or dissociation. "0Zzle temperature and any carrier gas seeding. The transla-
Let us assume that each methan@/Pb physisorbed tional temperature of the beam describes the width of the

complex hasp degrees of freedom which actively eXchangedistribution and is ty_pically_ much less than the nozzle tem-
energy. The active degrees of freedom will be taken to inperatureT,. In the simulations of the IBM molecular beam

clude the nine internal vibrational modes of the molecule, the&ticking data presented here, for which Tigs are reported,

vibration along the surface normal and three modes of frusWe t@keTi=25 K as a reasonable estimate of the transla-

trated rotation of methane in the physisorption potential wel|ional temperature of the beal(ﬁ.Note that althougte,, is
ands vibrational modes of the local cluster of surface atoms,'0t €qual to the mean translational energy, they are approxi-
such that¢=13+s. Molecular translations in the plane of Mately the same(E,) =E,*3%) for the molecular beams
the surface are considered to be inactive modes because tAkthe experiments discussed here. _
experimentally measured dissociative sticking coefficient 1€ rotational energy distribution of molecules in the
scales with the normal translational energy of the incidenfolecular beam can be described by the canonical distribu-
molecules. The frustrated rotations and normal vibration of'©":
the molecule in the physisorption potential well will be p,(E,) E,
treated as external vibrational modes. All four of these exter-  f,(E;)= o ex;{ KT ) (47)
nal modes will be grouped together and considered to have ' ol
equal vibrational frequencies,, . The local cluster of sur- whereT, is the rotational temperature, (E,) is the rota-
face atoms will be characterized hy active vibrational tional density of states, an@, is the rotational partition
modes all sharing the mean frequency of the metal phonorfsinction. The rotational temperature is dependent on the mo-
in the Debye model #;= %kaDebye/h, Tpenye=234 K for  lecular beam expansion conditions and is typically much less
bulk platinum. In the absence of definitive guidance from than the nozzle temperature. For example, the rotational tem-
electronic structure calculations, the internal vibrationalperature of methane in supersonic molecular beams has been
modes of methane in the collision complex are assumed testimated ag,=0.1T,.> While a quantum mechanical de-
be the same as those of the gas phase molecule describeddwyiption of methane rotations is preferable, even for such a
the frequencies; and degeneracies given in Table | for  simple molecule as methane, implementing an exact state
both CH, and CL. counting that fulfills nuclear statistics restrictions is cumber-
The initial energy distribution of surface collision com- some. Fortunately, the rotational levels of methane are suffi-
plexes,f(E*), is obtained by substitution of E¢B) into Eq.  ciently closely spacéd (the rotational constantB is
(28), 5.25 cm ! for CH, and 2.65 cm? for CD,) that even at the

Downloaded 20 Dec 2002 to 128.143.181.163. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



J. Chem. Phys., Vol. 118, No. 2, 8 January 2003 Microcanonical unimolecular rate theory 853

low rotational temperatures typical of a molecular beam In the absence of definitive guidance from electronic
(T,~50 K) a classical description will be an adequate ap-structure calculations, and in the spirit of developing a sur-
proximation for our purposes. For these reasons we modéace kinetics theory with a minimum number of adjustable
the rotations of methane as those of a classical spherical toparameters, we assume the transition states for dissociation
for which the density of states and partition function'are  and desorption are loose and share as many common mode
frequencies with the physisorbed complex as possible. The

pr(Ep) = : 2\/E, (49)  dissociation transition state is characterized #y-(1) active
o B32 vibrational modes identical to those of the physisorbed com-
plex with one of thev; triply degenerate antisymmetric C—H
— ﬁ( kar)3/2 (49) stretch vibrations sacrificed as the reaction coordinate. The
Qr= o\ B ’ desorption transition state is taken as the isolated molecule

. far from the surface where the rotational motion of the gas
where the symmetry numberhas been included to compen- .
X . : .__phase molecule is fully developed. Consequently, the desorp-
sate for an over counting of rotational states in the classic

phase space integradr& 12 for methang The classical nor- lon tranS|t|on.state. Is characterized b‘#{_d'). active vibra-
) . o : tional modes identical to those of the physisorbed complex,
malized canonical distribution for the three rotational de-

rees of freedom of methane is then where the normal vibrational mode is the reaction coordi-
g nate, and the three frustrated rotational modes of the phys-

JE, E, isorbed complex have evolved into rotations of the free mol-
f (Er)= exp( - kb_T) (500 ecule. Here again, we treat the methane rotations as those of
1“(5)(kTr)3’2 ' a classical spherical top whose sum of stat$ is
wherel’(x) is the gamma function. Note that while the sym- W,(E,)= = E) 3/2_ (53)
metry number does not appear in the canonical distribution T 30\ B

due to cancellation it is important to include it when calcu-, , . . . .
. " . Using these parameters along with the vibrational frequen-
lating sums and densities of states for use in RRKM rate_. . o : . .
: ) . cies given above it is possible to evaluate the microcanonical
constants and in Master equation calculations.

The vibrational energy distribution of methane mol- sticking coefficient of Eq(27),

ecules incident on the surface with a common vibrational WE(E* — Ey)
temperatureT,, characteristic of the molecular beam is S(E*)= R , (27
WE(E* —Eg) + Wh(E¥)
(B E, _ _ , _
f,(E)= o, A kT (51)  using the Beyer—Swinehart state counting algorithm.
v v

Having specified the quantities required to make a dis-
wherep,(E,) is the vibrational density of states a@, is  sociative sticking coefficient calculation for molecules inci-
the Vibrational partition fUnCtion. The Vibrational density Of dent from a m0|ecu|ar beam |t Shou'd be C|ear that there are
states is calculated from the normal mode frequencies thst three adjustable paramete(%) the apparent threshold
methane using the Beyer—Swinehart algorithm. The vibraenergy for dissociative chemisorptidg, (see Fig. 1, (2) the
tional temperature is usually assumed to be equal to thgymped vibrational frequency representative of the normal
nozzle temperature of the molecular beam, although this coiipration and frustrated rotations of the molecule in the phy-
respondence may not always be valid as will be discussegisorption potential wellyp, and(3) the number of active
later. surface oscillatorss. All other variables in the PC—MURT

Finally, for the vibrational energy distribution of the lo- are fixed by either experimental conditions or preexisting
cal cluster of surface oscillators at temperatiitethat be-  and physically reasonable assumptions. Clearly, a more flex-
come involved in the physisorbed complex we use the caiple and parameter rich theory is possible if all the mode

nonical distribution frequencies of the physisorbed complex and desorption and
E E dissociation transition states are allowed to independently
ps(Es) s ..
fo(Es)= 8] T (52 vary. Fortunately, this is largely unnecessary based on the
s b'ls

assumptions discussed above. In the future, EST should be
The vibrational density of statep4(Es) of the local cluster able to supply all these mode frequencies and threshold en-
of surface oscillators is calculated using the Beyer—ergies directly.

Swinehart algorithm and is characterized sayurface vibra- The dissociative sticking coefficient observed in super-
tional modes of frequenc;vS:%kaDebye/h, as described sonic molecular beam experiments may now be calculated
above. using Eq.(29) to perform the averaging of the microcanoni-

Figure 2 provides a representative example of the physeal sticking coefficient over the physisorbed complex energy
isorbed complexf(E*) and its assembly by convolution distribution. This direct method for calculating the sticking
from the distributionsf4(E), f,(E,), f/(E;), and fy(E) coefficient can be easily handled by current desktop comput-
appropriate for a molecular beam of Chmpinging on a  ers with most calculations taking only a few minutes to com-
Pt(111) surface under sufficiently energetic experimentalplete.
conditions that the measured dissociative sticking coefficient Figure 3 compares PC—MURT simulations using the
is S~102, above expressions with the Luntz and Bethune molecular
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FIG. 3. Comparison of theoretical simulations for methane dissociativer|G. 4. Comparison of theoretical simulations of C#issociative sticking
sticking on Pt111) as a function of normal translational energy with data on P{111) as a function of surface temperature for various normal transla-

points from molecular beam experimertiefs. 30 and 51 tional energies with data points from molecular beam experim@&ess. 30
and 5.
beam experimental daf¥! for CH, taken atT,=680 and Although no experimental data have been published on

300 K, and for CIQ taken atT,,=680 K. In all experiments the dissociative sticking coefficient of GHbn Pt{111) as a
the surface temperature was held at 800 K. Followingfunction of nozzle temperatur&(T,;E,,Ts), we have simu-
Madix,>? the vibrational temperature of the molecules waslated this dependence using the parameters fixed by simula-
taken to be equal to the nozzle temperatliies T,,, and the  tion of the S(E,,Ts=800 K) data. These results are pre-
rotational temperature was estimatedTas=0.1T,. These sented in Fig. 5 for several normal translational energies at a
data were used to fix the three adjustable parameters of tleirface temperature of 800 K. These simulations show the
PC-MURT by grid searching the associated three dimensame qualitative behavior with varyifg, as did experimen-
sional parameter space for a global minimum in the averagtal molecular beam data for methane sticking o) 2’
relative discrepancy between simulation and experiment, as- An important point to be noted from Figs. 4 and 5, that
suming equal weighting for all measurements. Best overalére plotted in “Arrhenius style,” is that the slope of the
agreement with all three sets of molecular beam experimereurves vary markedly with the beam translational energy and
tal data was achieved for GHPt(111) parameters dE, although each slope might be related to an “effective activa-
=0.61 eV,vp=110 cm !, ands=3. The CH/Pt(111) pa- tion energy” characteristic of the experimental specifics,
rameters uniquely fix those appropriate for gBt(111) as
Eo=0.655 eV,rp=95 cm !, ands=3. The main effect of
perdeuteration is to increase the reaction barrier height by the
difference in the zero point energies of the QB reaction
coordinate, 0.045 eV. This primary isotope effect suffices to 10!
explain the kinetic isotope effect observed in Fig. 3. There is
no experimental evidence to suggest that tunneling of hydro-
gen across the barrier is significant. The worsening agree-
ment between theory and experiment as the normal transla-
tional energy decreases in Fig. 3 is believed to be related to
increasing vibrational cooling in the molecular beam as the
gas seeding mixture is varied to obtain slower bedwide
infra).

Having once fixed the three parameters of the statistical

\Q\\“\ . e 0.7eV
o 0.5eV
model by fitting theS(E,,, Ts=800 K) experimental molecu- 102

L 0.3 eV
0.1eV
lar beam data it is possible to calculate dissociative sticking

coefficients for any other set of experimental conditions. Fig- 106 -——
ure 4 presents simulations of the dissociative sticking coef-
ficient as a function of surface temperatu®(TgE, T,

=680 K), for several normal translational energies. These

simulations used no adJL_JStable parameters and quite faithyg 5. Theoretical predictions of Giissociative sticking on PL11) as a
fully reproduce the experimental results. function of nozzle temperature for various normal translational energies.

10°

T, = 800 K
R D PRV
““\'\*‘* . e 0.9eV

1072

104
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paaavl sl sl gt 1l g 1 gl 1@ 111
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none can be individually ascribed to the overall activation 0.10
energy, E, or the apparent threshold energy for dissocia- ]
tion, E,, characteristic of the reactive multidimensional po-
tential energy surface.

1 6,=023ML o
008 4 B=185KIs

3 ]
= 0.06 -
B. Desorption energy from thermal programmed E
desorption £ 004
The thermal programmed desorptioPD) spectrum of I3
physisorbed methane on(Pil) has been measured in our 2 -
a 0.02 1

laboratory and shows that methane desorbs at 65 K with a

best fit desorption energy of 0.221 eV and a pre-exponential

of 1x10' s71. Here we simulate this TPD spectrum using 0.00

the PC-MURT to extract the desorption energy of the

CH,/Pt(111) system. The full Master equation could also be

used for this simulation but given the success of the simpler

PC—-MURT with the molecular beam data we have chosen it Temperature [K]

instead. . . . FIG. 6. PC-MURT simulation of an experimental thermal desorption spec-
Under the assumption that the adsorbates are maintaing@m for 0.23 ML CH, on P(111). The statistical model gives a pre-

in thermal equilibrium with the surface during TPD, simula- exponential factor of 3810'2s™* and a desorption barrier height B,

tion of the TPD spectrum requires calculation of the thermal=0.163 eV(cf. kyT/h at 65 K~1.4x10"s™%).

rate constant for desorption and solution of a differential

equation governing the temperature dependence of the meth-

ane coverage. Following Baer and Ha3¢he thermal rate ¥

constant for desorptiorky(T), is obtained by averaging the ko(T)= koT Qp(T) ex;{ Eo ) =A(T)ex4 _ Eo )

1

microcanonical rate constant for desorpti@g(E), over the h QM - kb_T kb_T
thermal energy distribution of physisorbed complexes, (58)
f+(E). The temperature dependent pre-exponential of(&§),
o A(T), is readily calculated given the active degrees of free-
kp(T)= fo ko(E) f+(E) dE. (54 dom of the physisorbed complex and the reaction coordinate

for desorption described in Sec. IV A,
The thermal energy distribution of the physisorbed com-

lexes is given b o(T o (T

plexes is given by A(T):%TTQD(T):%TT%, (59
fr(E)- 2 exp( - 5) (55 R eEm
! Q(T) KoT/'

. _ . wherlef)':4 (T) and QSH(T) are the partition functions for
wherep(E) is the density of states obtained from convolu-yotational motion of gas phase methane and for the four
tion Of the independent denSitieS Of states Of a” aCtiVe degrouped externa| Vibrationa' modes Of the physisorbed
grees of freedom of the physisorbed complex &@) is  complex, respectively. Evaluation of E¢9) yields a ca-

framework, the microcanonical rate constant for desorptiorpre-exponential is about twice what one would expect for

is given by RRKM theory as a unimolecular reaction in which the reactant very closely
W (E—Ep) resemblfes the transition statée., k,T/h at 65 K~1.4
Kp(E)= ———" (56 x102s?).

hp(E) With expression$58) and(59) for the thermal rate con-

whereW*D(E— Ep) is the sum of states at the transition statestant for d'eso'rption, the methane desorption rate in the TPD
for desorption. Substitution of Eq¢55) and (56) into Eq.  SPectrum is given by
(54), followed by the change of variabl&s = E — Ep yields

a simplified expression for the thermal rate constant, do(T) - ikD(T) o(T)=— A(T) e Eo/kT g(T)
e En/kT (o . £ dT B B ©0
—_— * _ %
kp(T)= h O(T) fo Wpr(E )exp( —ka) dE*. (57

where Ep, is the desorption energy is the linear heating
The integral in Eq(57) can be integrated by parts to give the rate, andf(T) is the methane coverage. Figure 6 shows the
partition function of the desorption transition sta@%(T), experimental and simulated TPD spectra of physisorbed
timesk,T. The result of this derivation is the canonical tran- methane on P111). By forcing the peak desorption tempera-
sition state theoryTST) expression for the thermal rate con- ture in the simulation to match the 65 K experimental value,
stant, the desorption energy is fixed &, =0.163 eV.

Downloaded 20 Dec 2002 to 128.143.181.163. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



856 J. Chem. Phys., Vol. 118, No. 2, 8 January 2003 Bukoski, Blumling, and Harrison

C. Time evolution of the energy distribution 1 3
of the physisorbed complexes

In addition to the simple PC—MURT, the full PC—ME
for the time evolution of the coverage of physisorbed com-
plexes, Eq.(22), can also be used to simulate dissociative
sticking coefficients. As demonstrated earlier in this section,
the PC—MURT without vibrational energy transfer enjoys
both qualitative and quantitative success in simulations of
methane dissociative sticking coefficients ofil®1) as func-
tions of normal translational energy, surface temperature, and
isotope. In addition, the PC—MURT was used to find the
desorption energy of the GHPt(111) system by simulation
of the TPD spectrum of physisorbed methane ol H). In
treating the methane TPD, the PC-MURT was shown to 1 o =122 em’! 800 K Thermal
naturally recover the appropriate canonical transition state 0.0001 — T T T T
theory for CH, thermal desorption. Nonetheless, it remains 02 04 06 08 10 12 14
to be shown whether vibrational energy transfer between the
physisorbed complex and the bulk platinum can be safely
neglected in models of methane dissociative chemisorptionFIiG. 7. Master equation simulations of GHlissociative sticking coeffi-

Implementation of the full PC—ME for the GHPt(111) cien_ts on P(tl.l:D_ as a‘functi(_)r) of normal translational energy for various
system requires specification of three additional paramete%wm,eS of the inelastic collision frequeneyand thew parameter of the

. ensity-weighted exponential down model of the collision step-size distri-
over those needed to implement the PC-MURIJ:the de-  pyion. The dashed curve is the best fit PC—MURT simulation of Fig. 3 and
sorption energykEp, (2) the inelastic collision frequency,  the dotted line is the predicted 800 K thermal sticking coefficient for an
and(3) the parametet of the collision step-size distribution ambient CH, /Pt(111) system at thermal equilibrium.
within the density-weighted exponential down modsée
Eq. (16)]. The desorption energy was determined in SecSec. IV A and the predicted 800 K thermal sticking coeffi-
IVB by simulation of the TPD spectrum of physisorbed cient (dotted ling from Sec. IV E. The second curve in Fig.
methane on R111) to be 0.163 eV, and this is the value used7 gives the PC—ME predicted sticking coefficient for our
in all Master equation simulations presented here. The pabase choices ofs and «, as indicated in the figure. These
rametersy andw, while in principle fully adjustable, must be simulations show that inclusion of energy transfer has only a
chosen to be physically realistic. As described earlier, wesmall effect (- 10% at moston sticking coefficients calcu-
assume that vibrational energy transfer is a phonon mediatddted with the simple PC—MURT for this system. Further-
process and take to be the three times the mean phononmore, as the energy transfer parameters are increased, the
frequency, 1.x 10" s™1, and @ equal to the mean phonon sticking coefficient at all normal translational energies ap-
energy, 122 cm?, of Pt. Recall tha is a good estimate of proaches the sticking value for a system at thermal equilib-
the average energy transferred in downward inelastic collirium at the temperature of the 800 K surface. In this particu-
sions,(AE(E’"))q of Eq. (20). Finally, all PC—ME simula- lar simulation, inclusion of energy transfer leads to increased
tion results presented here use the PC-MURT parametessicking at low translational energies and decreased sticking
determined in Sec. IV A from fitting the molecular beam at high translational energies. The general effect of energy
experimental data; for CHthese areE,=0.61¢€V, vy  transfer on these types of nonthermal systems is always to
=110 cni’?, ands=3. shift nonthermal distributions towards a thermal distribution

For comparison with experimental dissociative stickingat the surface temperature. With sufficiently high energy
coefficient measurements, the EB2) Master equation must transfer, it is always possible to attain the thermal sticking
be solved for the steady state distribution of physisorbedoefficient appropriate to an equilibrium system at the sur-
complexes, §,3(E). Following Eq. (42), the steady state face temperature.
sticking coefficient is given as Typical collision step-size distributionB(E, E'), at re-
action threshold for the density weighted exponential down
model are plotted in Figs.(8 and 8b) as functions ofa
and surface temperature, respectively. The elastic energy
transfer peak has been excluded from these plots since it is
The steady state reactive flux, desorbing flux, and conservanot necessary to include it in the energy grained Master
tion equation are defined in analogy to their time dependenéquation Eq(32). Figure §a) showsP(E, E') at the 800 K
counterparts, see Eq&l0), (41), and(43), but with the time  surface temperature of the molecular be&(k,) experi-
dependence dropped. ments as a function ok. Due to the relatively high surface

Using the CH/Pt(111) parameters defined above, wetemperature, detailed balaneee Eqs(16) and(17)] insures
have simulated the dissociative sticking coefficient of meththat these distributions are fairly symmetrical about the elas-
ane on Rt111) using the Master equation. These results ardic peak, whilea controls the overall width of the distribu-
shown for theS(E,;Ts=800 KT,=680 K) data in Fig. 7 tions. In contrast, Fig. ®) shows that at fixedy, lowering
along with the best fit PC—MURT resuyliashed curvefrom  the surface temperature skews the distribution towards

T, =800 K
T, =680 K (1]

0.1 4

LV IS VR SR

0.01 5

Initial Sticking Coefficient

0.001

Normal Translational Energy [eV]

SS__ 1 * SS,
S —F—Ofo ke(E) 65(E) dE. (61)
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025 4 ®=122cm | T, =800 K FIG. 9. Various energy probability distributions at reaction threshold for the
E'=0.61 eV | CH, on P{111) system.(a) The physisorbed complex distribution formed
0.20 | collisionally by the incident beam when the beam stream energy is at the

0.15
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0.05

P(E,E') at Reaction Threshold

0.00
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FIG. 8. Sample collision step size distributions for the density weighted
exponential down model at reaction threshold(asa function of « at

reaction thresholdicf. f(E*) of Fig. 2]. (b) The steady state distribution of
physisorbed complexes¢c) The distribution of physisorbed complexes ap-
propriate to thermal equilibrium &ts=800 K.

transfer. Overall, for the relatively high energy physisorbed
complex distribution of Fig. 9 there is no net uptake of en-
ergy from the surface by the physisorbed complex. This is
because the “effective temperature” of the initial phys-
isorbed complex distributiofi.e., f(E)] is greater than the
800 K surface temperature. If the “temperature” of the phy-
sisorbed complex was less than 800 K, there would be a net
energy transfer to the complex via detailed balance.

Having illustrated the effect of vibrational energy trans-
fer on the distribution of physisorbed complexes that goes on

800 K surface temperature arib) as a function of surface temperature at to react or desorb, Fig. 10 shows the steady state distribution

a=122 cm L.

and the associated reactive and desorbing flux distributions
at reaction threshold. Note that because dissociative chemi-

downward energy transfer, in agreement with detailed bal-
ance. Note that product terms of the foR(E,E") 6,(E")
=wP(E,E") 6,(E") ultimately dictate the vibrational energy
transfer between the physisorbed complexes and metal
within the PC—ME of Egs(5) and (22). Under nonequilib-
rium conditions, the sticking coefficient tends towards its
thermal value at the surface temperature and the overall vi-
brational energy transfer is downwards for hyperthermal
F(E,t) distributions and upwards for hypothermal distribu-
tions.

Figure 9 compares the incident, steady state, and thermal
distributions of the physisorbed complexes at reaction
threshold for the CR/Pt(111) system. Clearly, relaxation of
the incident distribution towards the thermal distribution at
steady state is far from complete. In addition, there is very
little difference between the incident and steady state distri-
butions in their high energy tails indicating that relaxation
of the incident distribution takes place primarily at the ex-
pense of population at and below the mean energy of th
distribution. Notice that at the high’ andT, of Fig. 8(a) the

3.0
E, =0.61 eV
25 T,=800K <—— Incident
2T, =680 K
- -1
> le= 122 cm
2 207 5o L1108 6!
=
=
2 1.5
£ Reactive * 50
122}
a
= 1.0 4 /
=2 a
= Desorbing h
0.5 - \
0.0+t ——
0.0 0.5 1.0 1.5 2.0

Energy [eV]

EIG. 10. Steady state flux distributions for ¢bin P{111). (a) The incident
flux of physisorbed complexes created, normalized to ufiijyThe desorb-

P(E,E’") distribution is fairly symmetric around zero energy ing flux distribution.(c) The reactive flux distribution multiplied by 50.
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3.0 ~ Time (o] | 0L downwards direction. The PC—MURT, which neglects this
=01y 0 1 effect, will provide an upper bound on the sticking. In addi-
55 | T,=800K 1 067 tion, the calculated sticking coefficient is most sensitive to
T,=680K 25 | 037 the apparent reaction threshold energy in the high energy
a=122cm™! 5 0.14 regime. Consequently, by fitting hyperthermal experimental
20 1 = 1.1#108 5! i3 | S data (subject to downwards energy relaxation), the-PC
10 002 MURT determined apparent reaction threshold energy pro-
1.5 vides an upper bound on the trug E

O(E) [eV]

Finally, it is instructive to note that in the limit of large
substrate atom separation the microcanonical unimolecular
rate theory presented here goes over smoothly to the gas
phase kinetics of a long-lived bimolecular collision complex
0.5 that can collisionally exchange energy with an ambient gas.
The PC—MURT has been formulated in analogy with gas
phase kinetics through the idea of a localized adsorbate/
substrate “physisorbed complex.” Given the success of sta-
tistical theories of reaction rates and Master equation treat-

Energy [¢V] ments of vibrational energy transfer in the gas phiaséwe
FIG. 11. Time evolution of the coverage of physisorbed complexes for CH anticipate that these theories should also enjoy some measure

incident on PtL11) near the reaction threshold for an incident distribution Of success when applied at the gas—solid interface.
that is a delta function in time.

1.0 4

0.0

0.0 0.5 1.0 1.5 2.0

D. Reaction time scale issues

sorption is a rare event under the reaction conditions of Fig. A recurring question in the discussion of surface reac-
10 (S~10?), the reactive flux in Fig. 10 has been multi- tions is whether a statistical theory can be adequate for a
plied by 50 to make it visible on the scale of the desorbingguantitative description of the kinetics or must a full dynami-
flux. Clearly, the vast majority of the steady state flux des-cal theory be employed. Unfortunately, unless a statistical
orbs and it is only the high energy portion that has anytreatment is feasible it is unlikely that rigorous kinetics cal-
chance of reacting. Given that there is very little energy re<culations for high dimensionality surface reactions will ever
laxation between the incident and steady state physisorbdue computationally tractable. In the gas phase, formal appli-
complex distributions and that it is the overlap of the micro-cability of microcanonical RRKM rate theory usually relies
canonical sticking coefficient and the distribution of phys-on two criteria being met (a) the energized reactants at
isorbed complexes above the barrier to reaction that resulsnergyE should act as if they are distributed microcanoni-
in a nonzero contribution to the sticking coefficient, the cally and react with a single rate constad(z), independent
small effect of energy transfer on this system’s overall stick-of quantum state, an¢b) intramolecular vibrational energy
ing coefficient is reasonable. redistribution(IVR) should be faster than any reaction rate in
In addition to solving the Master equation at steady staterder to maintain the microcanonical distribution over the
to obtain dissociative sticking coefficients, it is also possiblecourse of the reaction. After applying the PC—MURT and
to examine the time evolution of the coverage of physisorbedC—ME to the dissociative chemisorption of the methane
complexes,f,(E,t), for arbitrary incident fluxF(E,t). An molecular beams on @fl1), let us return to more critically
example of this type of calculation is given in Fig. 11 for the consider whether these RRKM applicability criteria can be
CH,/Pt(111) system. For this simulation the incident flux consistently satisfied for the surface reactions.
energy distribution was taken to be that from a molecular  For isolated molecules in the gas phas&® IVR does
beam with the temporal dependence taken as a delta funcot typically begin until energies are reached for which
tion, F(E,t)=F, f(E)8(t). The small amount of downward the molecular state density(E), exceeds 16100 states/
energy transfer occurring in this system is clearly illustratedccm™%. For molecules at energies above this threshold
by the modest downward movement of the low energy tail ofstate density, IVR rates are in the range from® 10
the physisorbed complex distribution as time progresses. —10% s 1. Although IVR rates tend to increase with state
In the absence of tunneling through the reaction barrierdensity for a given molecular species, the rates are generally
classical transition state theory provides an upper bound fanot predictable across a series of structurally different
the rate constant of a reaction with fixed transition state chamolecules’ except after detailed theoretical modelitigthe
acteristics due to the fundamental assumption of direct dyvibrational state density calculated via the Beyer—Swinehart
namics with no barrier recrossings. In analogy with transitionalgorithm for the CH/Pt(111) physisorbed complexes as a
state theory, and taking into account the effects of vibrationafunction of total energy measured from the bottom of the
energy transfer as included in the Master equation, dissocigghysisorption well is presented in Fig. 12. The PC state den-
tive sticking coefficients calculated from our PC-MURT sity at reactive energiesE=0.77 eV, is greater than
should also provide an upper bound on the sticking coeffi10° states/cm?, well above the threshold for the onset of
cient at hyperthermal energies. Note that at high energyVR. The state density includes contributions from the nine
where the initial physisorbed complex distribution is hyper-relatively high frequency vibrational modes of methane, the
thermal, the net energy relaxation will always be in thefour 110 cm'! modes of the molecule moving within the
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] ] ] ~ FIG. 13. Unimolecular time constaritk(E) ~*] for desorption and reaction
FIG. 12. Physisorbed complex density of states as a function of total activgor CH, on Pt111). At reactive energies the time constant for desorption
energy E for CH, interacting with P{l11). At reactive energies § is 2.7 ps. The microcanonical sticking coefficie®(E) = r(E)/[ mp(E)
=0.77 eV), the density of states is greater thah diates per cm'. +75(E)], is plotted on a linear scale.

physisorption well, and the three 122 cmodes of the Pt relatively low vibrational state densities at reactive
surface oscillators. Quack has shown that IVR between thenergies>°8

C—H stretch and bending modes of gas phase methane is The RRKM time constantsk(E) ') for dissociative
rapid and occurs on a 100-500 fs time scale, as is also thehemisorption and desorption of the surface PCs for
case for various halomethan®sThe IVR lifetime of meth- CH,/Pt(111) are given in Fig. 13. At reactive energies ap-
ylene iodide (CHI,) was experimentally measured in solu- propriate to thermal and molecular beam dissociative stick-
tion to be 9-10 ps after fs optical excitation to an energy ofing experiments, the time constant for desorption is 2.7 ps
0.6 eV®! Interestingly, this molecule shares some of the highwhich is much shorter than the time constant for dissocia-
and low frequencies of the GHPt(111) physisorbed com- tion. Consequently, in order for RRKM theory to be appli-
plex modes, with the lowest frequency mode being thg Cl cable to dissociative chemisorptidor desorption it is the
bend at 121 cm!. Theoretical analysis of the GH IVR desorption time that must be long compared to the time for
found that microcanonical equilibration of the higher fre- microcanonical equilibration of the PCs via IVR. The point
guency C—H modes was complete on a sub-ps to ps timis that a microcanonical distribution appropriate for the
scale but that energy flow to the lower frequency @lodes RRKM rate constant should be established and maintained
was more weakly coupled and took somewhat lon@er9  over the majority of the time available for reaction, in this
p9).%2 With the larger number of low frequency modes andcase only 2.7 ps. Similar requirements have been success-
higher state densities for the surface PC at reactive energiefsilly met for the high pressure RRKM unimolecular decom-

it is not unreasonable to speculate that IVR rates for potenposition of hydrocarbons where deactivating gas phase col-
tially reactive PCs will occur on a sub-ps to few ps timelisions(e.g.,7.q=2.7 ps at 20 bar for Ckjy at 800 K) set a
scale. Unfortunately, most spectroscopic investigations anthinimum time scale for IVR as low as 200 %In the case
accumulation of theoretical wisdom on IVR rates have in-of methane dissociative chemisorption, the PCs are prepared
volved studies of molecules at energies insufficient to breakollisionally and those formed at a given eneigwill have

or rearrange covalent bonds. It is precisely at these highex wide range of different initial phases of vibration, molecu-
reactive energies, where the molecular potential becomdar angles toward the surface, and positions across the sur-
softened and distorted in the region of the transition stateface unit cells. Consequently, the initial act of collisional
that anharmonic cross couplings between vibrational modegreparation is likely to create an ensemble of PCs that covers
should be rapidly increasing and as the agent of IVR thesa broad range of phase space that may closely resemble a
couplings should markedly increase IVR rates. Many yearsnicrocanonical ensemble. Indeed, Freed has argued that such
ago, Rabinovitch concluded that IVR normally completes oncollisional preparation alone, without IVR, is sufficient for

a subpicosecond time scale for the overwhelming majority oRRKM kinetics to apply in the mean when averaged over
hydrocarbon reactions at reactive energies based on adhem ensemble of molecul&8.Here we take the view that
ence to RRKM kinetics at high gas pressufésdore re-  collisional preparation of the PCs should produce a quasimi-
cently, laser studies of the unimolecular decomposition otrocanonical ensemble very quickly in the aggregate with
isolated small molecules in the gas phase have largely showrery modest requirements for initial state mixing by the re-
quantum state resolved adherence to RRKM kinetics despitactive potentiaf. Afterwards, attainment and maintenance of
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a microcanonical distribution for individual PCs requires MURT implementations of our model are very similar due to
IVR time scales to be less than the 2.7 ps desorption timeghe modest effect of the energy transfer terms in the Master
This rapid IVR requirement seems likely to be met based orequation, Eq.(22), because the modes of the physisorbed
analogy to IVR rates of similar gas phase molecules discomplexes are, for the most part, the same as those of the
cussed above at both nonreactive and reactive energies. Eirermalized gas and surface. In this section and the next we
nally, it should be noted that in the PC—ME implementationemploy the simpler PC—MURT and tak& =E—E_4 as the
of our model we estimated that vibrational energy exchangaatural energy scale for which the energy zero is taken to be
between the PCs and the surrounding metal is likely to occuthe molecule at infinite separation from the surface.
every 91 fs 1) which would typically lead to 30 colli- Calculation of the initial dissociative sticking coefficient
sions before desorption. Given that the collision step-sizef methane on P111) from a thermally equilibrated ambient
distribution is fairly symmetrical in vibrational energy trans- gas follows the same general procedure outlined in Sec. IVA
fer at reactive surface temperatufésg. 8@)], this energy for a molecular beam. We first formulate the physisorbed
exchange process may also be helpful in establishing ancomplex energy distribution from the internal and surface
maintaining a microcanonical distribution of PCs on a timeenergy distributions and the microcanonical sticking coeffi-
scale short compared to desorption. In light of these esticient from the sums of states at the transition states. How-
mates for rapid microcanonical equilibration of the PCs atever, averaging of the microcanonical sticking coefficient
reactive energies and the apparent success of the PC-MURWer the distribution of physisorbed complexes must be
and PC—ME in describing the GHPt(111) dissociative taken one step further than for the molecular beam case be-
sticking coefficients, a statistical RRKM treatment of the sur-cause molecules from a thermal ambient gas strike the sur-
face kinetics seems reasonable. face from many angles. For this reason, contact with experi-
Finally, it is worth pointing out that apart from any time ment is made through the energy and angle averaged sticking
scale arguments, use of the microcanonical sticking coeffieoefficient. Equatior{29) must be replaced by
cient in the PC—MURT for dissociative chemisorption can o
likely bejustlfleq on simple s'tat|st|cal grouan: Recallmg Eq. S(T):f f S(E*) f-(E* Q) dE* dQ, (62)
(27) for competitive desorption and dissociation, the disso- o Jo
ciative sticking coefficient for a physisorbed complex formed

at energyE* is where f+(E* Q) is the incidence angle dependent thermal

energy distribution of the physisorbed complex flux and the
WE(E*—EO) angular integration is carried out over the forward hemi-
P Toexy’ (27) sphere only. Although in principle the microcanonical stick-
WE(E* —Eq) + WH(E*) ) - o o
ing coefficient may also depend on the incidence direction
which is simply the ratio of the available exit channelsd?Q(%,¢) of the incoming molecules, we assume it to be
through the reactive transition state leading to chemisorbeengle independent. The thermal sticking coefficient is only
dissociation fragments to the total number of exit channelsndirectly modulated by the direction of the incoming mol-
available through either the reactive or desorptive transitiorecules because only the normal translational enekgy,
states. Given that at reactive energies the PC density of statesg, cog(1), is an active translational degree of freedom.
is already huge[p(E*=E,)>1( states/cm'] and the In contrast to the molecular beam case, molecules strik-
number of available exit channels is vagt.g., W (E* ing a surface from a thermally equilibrated ambient gas have
=E,)>10" state$, the statistical premise that all exit chan- an equilibrium energy distribution with all degrees of free-
nels at total energfe* have equala priori probability of  dom characterized by a single temperature. The rotational
being accessed is the simplest assumption that one can ma&ed vibrational energy distributions are formulated as in Egs.
and this returns Eq27) above. (50) and(51) except withT,=T,=T. The appropriate trans-
lational energy distribution for the impinging flux of a ther-
E. Sticking from an ambient gas in thermal mal .ampient gas is the flux-weighteq MaxweII—BoItzmgpn
equilibrium with the surface distribution. In spherical polar coordinates the probability

) o ) distribution for incident molecules to have translational en-
Molecular beam dissociative chemisorptioand ther-  ergy from E, to E,+dE, in solid angle d2Q(9,¢)

mal associative desorption experiméhfS have already =sin(®)dd dg is

been performed for the Gk}« CHz()+H reactions on

Pt(111). Thermal dissociative sticking coefficients for the d?f,(Ey) codd) E; E,

methane/R1L11) system are likely to be measured in the nearft (B 9)= SN 9)do do > F{ - ﬁ)
N i . ¢ T (kyT) b

future. In anticipation of such experiments we have simu- 63)

lated the initial sticking coefficients for GHand CD, on

P#(111) under thermal equilibrium conditions and calculatedwhere ¥ is the polar angle measured from the surface nor-

the isotope effect using the PC—MURT parameters derivedhal. The energy distribution of the local cluster of surface

above from simulation of the molecular beam data. Note thabscillators in the physisorbed complex is given by EsR)

at thermal equilibrium the constraint of detailed balance prowith T,=T.

vides for no net collisional energy transfer between thermal- At this point, a particularly simple form for the thermal

ized physisorbed complexes and the surrounding substratsticking coefficient may be derived from Ed§2), (63), and

Accordingly, at thermal equilibrium the PC—-ME and PC- (44). Because we have assumed the microcanonical sticking

S(E*)=
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coefficient to be angle independent, the angular integration in 10°
Eq. (62) only effects the thermal energy distribution of the e CH, E;=0.61eV
physisorbed complexes. Substitution of H§3) into Eq. = 102 1 s CD, E;=0.655eV
(44) and integration over the forward hemisphere gives the -2 |
angle integrated energy distribution of the physisorbed com- %
plexes, S 106 - <— E, =0.686 eV
on
w2 (27 (E*co@ © £
fT<E*>=_[ J f " HIE* —Ecod(9)] Z 10% A T
o Jo Jo @
E 10710 S =0(.
X% (E,9) sin(9) dE, de d9, (64) = E,=0.737 eV
where as usual only normal translational energy is actively 1075 b
coupled to the physisorbed complex reaction channels. The T .

angular integration in Eq.64) may be done analytically by
changing variables to normal enerdy,=E, cog(d). The

result is (@) 1000/ T
1 (e 15
HE)= g | B B e BT Al (69 ] :
kpTJo i CH4
; _s§™an
. . . 1 sotope Effect = —————=
whereE, is the normal translational energy. Finally, the ther- ] STy

mal sticking coefficient is given quite simply as

1 oo *
SM=i7)0 S(E*)LE fi(E* —E,) e En/&T dE, dE*.
(66)

Figure 14a) displays the thermal dissociative sticking
coefficients for both Cland CD, on P{111) as a function
of temperature calculated from E(§6). For each isotope a
generalized Arrhenius-type form,

Isotope Effect

E
S(T)=AT" exp( - —0) , (67)
Ko T b) 1000 / T

Wit_h temperature dependent pre-exponential was found G, 14. (a) PC—MURT predictions for the thermal dissociative sticking of
quite faithfully represent the data unt®(T) exceeded methane on R111). Activation energiesE,= —k, d(In S/dL/T), derived
~10"2 at about 1000 K. Given that the thermal sticking from best fit to the predictions over the range<t1000/T<4.0 yieldsE,
coefficient must eventually roll over with increasing tem- =rngtmr'ibe‘g1heFeT'S 1-;6 ft"][ ?m a:”md Ilfg for ?Q (?) If_f"‘?‘:nRIh )
perature to a limiting value of 1, anB(E) ~kg(E)/kp(E) gneF’l(Clljl(.)l).o e isotope effect for thermal dissociative sticking of methane
whenkg(E)<kp(E) (see Fig. 13 it is reasonable that Eq.
(67) should apply only to some finite high temperature where
S(T)<1. By fitting the Eq.(67) form to each set of calcu-
lated sticking coefficients an activation energy can be ex-
tracted for each isotope as for dissociative chemisorption of an ambient gas in thermal
a(In S(T)) equilibrium with the surface. The derivation parallels those
E,=— b Eo+mk,T. (68) given by Fowler and Guggenheififor bimolecular and uni-
(L) molecular reactions ending in the well known result that the
The best fits to Eq.(67) over the temperature range activation energy is the difference between the average en-
250<T=1000 K are the curves of Fig. l@ wheremis 1.76  ergy of the reacting complexes and the average energy of all
for CH, and 1.89 for CL. Predictions for the thermal acti- the reactants. In addition, it is also possible to derive a useful
vation energy of both isotopes at 500 K are given in Fig.qnnroximate result for the thermal activation energy that may
14@). In a_ddltlo_n,_Flg. Mb) shows t_he_ rattio of the simulated rationalize the phenomenological parametrization of Egs.
thermal dissociative sticking coefficients for gldnd CDO (67) and (68)

on P{111). Clearly, CH, dissociatively chemisorbs more To deri ion T ite the th |
readily than CIQ at all finite temperatures and the limiting _0 enve. :?m exprgssmn a» We write the therma
sticking coefficient as in Eq62),

value of the kinetic isotope effect is 1 dstends to infinity.

F. Thermal activation energy

Within the statistical model it is possible to obtain a S(T)=f S(E*)f+(E*;T)dE*, (69
Tolman expressidii for the thermal activation energ§,, 0
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where it is assumed that the angular integration over the Ke(E*)
forward hemisphere has already been performed and the tem- S(E*)= . — (75
perature dependence is explicitly includedfig(E*;T). To kr(E*)+kp(E™)

* .
better expose the temperature dependenci(d*;T), we wherekg(E*) andkp(E*) are the microcanonical rate con-

1 e b St o % tans fr rescon An esorgtion. Fo ne e
and ngface and writé;(E*:T) as 9 systems considered here, this expression can be simplified by
’ noting that at reactive energieE{=E,) the RRKM derived
pad E*) . rate constant for desorption is approximately constaee
We bY, (700 Fig. 13, ko(E*;E*=Eg)~kp. In addition, it is generally
true thatkg(E* ) <kp(E*) in the reactive energy reginisee
wherepy(E*) is the convoluted density of states a@g(T) ~ Fig. 13. Although rigorously this inequality is only valid up
andQq(T) are the partition functions of the active degrees ofto a finite energye’>E,, the exponential weighting in the
freedom of the incident gas-phase molecules and surface. ifttegral of Eq.(71), introduced byf+(E*;T), means that the
is important to note that any active translational modes of th&€nergy region just above the barrier to reaction contributes
incident molecules are implicitly included ipg(E*) and most significantly to the th_ermal stickipg coefficient. ange—
Qq(T) and that all such modes are flux weighted because th@uently, for reactive energies appropriate to thermal sticking
reactant gas is only the gas that strikes the surface. CombithereS(T)=10"?, Eq. (75) can now be approximated as
ing Egs.(69) and(70), the thermal sticking coefficient can be

. k E*
written as S(E*:E*=E,)~ R(? ) , (76)

D

fr(E*T)=

oo

_ * *\ o~ E*/k,T *
- Qg(T)Qs(T)fo S(E%)pgo(E)e > dET, (7D whereS(E*) is identically zero forE* <E,.

Combining Eqs(71) and(76), the approximate thermal
where all temperature dependent terms are explicitly visiblesticking coefficient can be written as
Using Eq.(71), the thermal activation energy is easily

S(T)

obtained from its definitiofisee Eq.(68)] as o0 e T
S(T)%——f kr(E*)pgs(E*)e b dE*.
a(In S(T)) kpQq(T)Qs(T) JEg
E,=kpT? — (72) (77)
Introducing the RRKM form for the microcanonical rate
SS(E* E*)E*e E/kTgE* constant for reactiofisee Eq.(10)], Eq. (77) becomes
_Jo ( )pgs( )
[6S(E*)pgo E* ) B RTdE 1 .
ST~ — f WR(E* —Eo)
r2?n QM) | oI Q(M) oy h koQg(MQ(T) JEs °
b aT b aT )
Pgs ~E* kT
The first term in Eq(73) simply gives the mean energy of X o(E") e = " dE", (78)

those physisorbed complexes, out of all the physisorbed
complexes initially formed, that go on to ready(T))r-  wherep(E*) is the density of states of the physisorbed com-
The second and third terms in EF.3) give the mean ener- plex andW4(E* —E,) is the sum of states at the reaction
gies of the active degrees of freedom of the incident gagransition state. At this point it is important to note that while
phase moleculeEy(T)), and surfacéE(T)), respectively. . (E*) andp(E*) have many modes in common, they are
The thermal activation energl,, can now be written in the not equal, pys(E*)#p(E*). For example, the rotational

particularly simple form, modes contained ipgs(E*) are those of the gas phase mol-
ecule while inp(E*) these modes have been replaced by the
Ea=(Egs(T))r~ ((Eg(T)) +(E&(T))). (74 frustrated rotations of the physisorbed molecule. In the inter-

Equation(74) indicates that the thermal activation energy forest of making further progress, we replace the density of

dissociative chemisorption is the difference between the av§tates ratio in Eq(78) with its average value over the reac-

erage energy of the physisorbed complexes that go on tgve energy regime,
Pgs(E*)>

react and the average energy of all molecules striking th

surface and all local clusters of surface oscillators. As usuaz/r

E, is the difference between the average energy of the react: p(E*)
ing complexes and the average energy of all the reactants

(i.e., all physisor_bed complex_es forn)ed_ _ [ pgs(E*) B KT g Jw BT gk —
Although a simpler analytic expression fig could not Ey p(E*) € Eoe c.

be found, it is possible to derive a convenient and fairly (79

accurate approximate expression. Let us begin with(Zg.

for the microcanonical sticking coefficient, With this approximation, Eq(78) can be written as
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e o V. DISCUSSION
~ toex _ —E*IkpT 4 E*
D= h ?DQ (T)Q4(T) jo Wr(E™ ~Eo)e > dEY, A. Comparison to experiment
g S
(80) Let us now return to more critically examine any dis-

arepancies between our theoretical modeling and predictions
and the results of experiments. Using all the experimental
data of Fig. 3, a single set of the three free parameters of the
PC-MURT was chosen by minimizing the average relative
discrepancy between theoretical simulations and the experi-
mental results. Final agreement between theory and experi-
ment is excellent for the 680 K nozzle temperature data at
to give translational energies greater than 0.4 eV for both, @Hd
CD,. At energiesE;< 0.4 eV, the theory increasingly tends
to overestimate the sticking as the translational energy is
reduced. This effect is believed to be due to increasing vi-
brational cooling of the molecular beam as the gas seeding
Evaluating Eq.(72) with the approximateS(T) of Eq.  mixture of methane is increased to obtain slower beams

where the integral on the right-hand side can be evaluate
using the substitutiole’ = E* — E, followed by integration
by parts,

fo WEHE—Eg)e FkT dE=k,TQi(T)e Eo/%T (81

5T
S(T)~_0 kpT  Qgr(T)

b w7 A= EglkpT
o h ma.m® 2

(82) yields while the theoretical simulations always maintain that the
. methane vibrational temperaturg, , is equal to the nozzle
E ok TZ(E-F Eo | 9N Qr(T))  a(In Qqy(T)) temperatureT,, . If vibrational cooling is experimentally oc-
a T k,T? aT aT curring in the beam so thdt, <T,,, then the simulations are

assuming that there is more vibrational energy in the incident
methane molecules than there really is and, of course, the
sticking is correspondingly overestimated.

The IBM supersonic molecular beam experiments were
where the last three terms simply give the mean energies gferformed by seeding various mole percentages of methane

~a(in Q4T))

aT ' @3

the specified degrees of freedom, in H,, He, and Ar at fixed nozzle temperatur8s? For a
. beam of a pure ideal gas whose gas temperature has been
Ea~Eo+ Ko T+(ER(T)) —(Eg(T)) —(Es(T)). (84 thermalized to that of the nozzle before its supersonic expan-

sion (i.e.,Ty=T,), the final translational energy of the beam
is determined by the nozzle temperaturéEas 3k, T,,. Con-
sequently, to vary the methane translational energy at fixed
eI"n it is necessary to introduce or “seed” methane at various

For the dissociative chemisorption of methane Onpercentages into beams of other “carrier” gases whose ve-
. . locities at the final~ 3k, T energy of the beam may be higher
Pt(111), the last three terms of the approximate expression . . .
L . or lower than methane depending on their mass. The dispar-
Eq. (84), for the thermal activation energy are easily evalu-

ated due to cancellation of active modes that are shared qre velocities of methane and the other gases in the beam

the reaction transition state, the incident gas phase mo g—é-ads to collisional buffeting of the methane during the su-

ecules, and the surface. For this system the active modes tif%?étsho;r:‘;ge)é%igizg aggsi‘glec%m:/(glre?n ﬂig'pﬂ:tﬁs(tg:etgf
do not cancel in Eq84) include the four grouped vibrational t b y varying 9

modes of the physisorbed complexes characterized by tht € t_>eam. AIFhough_the ”.SM authors do not report on the
etails of their seeding mixtures versus meth&pe using

frequencyvp, onev; antisymmetric C—H stretch vibrational )
mode identified as the reaction coordinate, the three full he beam calculations of phorkendorff and co-vyor%ers
developed rotational modes, and the flux-weighted norm he_ range Of_ Chl _translaﬂonal energies accessible  at
translational mode of the incident methane. Assuming suffi-> “0_2652\'; fg‘:"nl%/ bltnar)llog(;scmlﬁurﬁs 'S(‘) 517'17\/?\?
ciently high temperatures such that the classical limits aré - 0 o o N ? _H 2, U2l EV=E
reached for the rotations and translations, our approximateBo'23 eV for 1% to 100% C!‘_.' in He, and 0.23 e¥E,
result for E, becomes =0.059 eV fo_r 100% to 1% erhn_A_r. The_ methane energy
range accessible using binary mixing with Ar was not em-
Ea~Eq+kyT+4(E, (vp,T))—(E,(v5T))— 2k, T—ky,T, ployed in the IBM.experiments bu'F Ar mi.ght have b_een used
(85) as a secondary diluent to,Hbr He in tertiary gas mixtures.
Importantly, the calculations above suggest, and we will as-
Ea~Eo+4E,(vp.T))—(E,(v3,T))— 2k,T. (86)  sume, that the CHE, scan atT,=680 K of Fig. 3 from -
E;=1.17 eV to 0.23 eV was accomplished with gas seeding
Evaluating Eq(86) at 500 K and recasting the results in the mixtures varying from 1% CHKlin H, at the highest energy
phenomenological form of Eq68) gives,E,~Ey+1.%,T  through to 100% CHl at the lowest energy.
for CH, and,E;~E+ 2.0k, T for CD,. These approximate Unfortunately, vibrational cooling of molecules in super-
m values are in excellent agreement with those given aboveonic molecular beams (i.6.,<T,) is difficult to measure
in Sec. IV E. and a quantitative theory of the nonequilibrium process is

Note that(E4(T)) includes the flux-weighted active transla-
tional energy of the incident molecules, akBx(T)) is
evaluated with the reaction coordinate degree of freedom r
moved.
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lacking. Vibrational hot-band analy§is®® of rovibrational

or electronic spectra of beam molecules provides the most
definitive determination off,. For larger polyatomic mol-
ecules, photoionization threshold spectrosé8mnd frag-
mentation following electron impact ionizatitincan also be
used to estimatd,. It is generally found that vibrational
cooling increases as the beam carrier gas is varied from
monatomie< diatomic< polyatomic  molecules. Amongst
the monatomic gases, Ar, Kr, and Xe have proven to be
particularly efficient at cooling some large polyatomic mol-
ecules tol,<50 K.%° A potentially troublesome issue is that
vibrational cooling need not be uniform across the different
vibrational modes of a molecul@.For example, the’; and

v, Vibrations of SQ were cooled in a seeded He beam ex-

Initial Sticking Coefficient

e CHyatT,=680K
Ao CHyatT,=300K

) CHy at T, = 680 K (Fig 3)
pansion from room temperature to 235 and 140 K, respec- e > ° : 4 , (Fie
tively.6867|n contrast, although ,| can be cooled toT, 02 03 04 0.5 0.6
~50 K,°' the relatively high frequency vibrations of most )

diatomic molecules leads to very inefficient vibrational cool- Normal Translational Energy [eV]

ing because of the large mismatch between their VibrationatilG. 15. Comparison of PC—MURT simulations for CHissociative stick-
and translational or rotational energy quanta. For polyatomigg on Pf111) as a function of normal translational energy at two nozzle
molecules, two vibrational quanta translational energy ex- temperatures with data from molecular beam experimeés. 30.
change processes are likely to be efficient agents of vibra-
tional cooling because if one vibrational mode is de-excited
while another is excited it is only the difference in the vibra- that theseT,=300 K experimental sticking points derive
tional energies that must be removed as transldfian. bi- from a separate experimental study by Bethune and E8intz
molecular collisions between polyatomic molecules suchhat was specifically designed to investigate the effect of
v-v .t exchanges should be more probable as will be opporchanging vibrational energy on sticking and employed a dif-
tunities for longer lived complexations leading to more sta-ferent data analysis that accounted for the varying widths of
tistical energy exchange. For GHthe energy difference be- the beam translational energy distributionsEasvas varied.
tween vibrational modes can be quite small—v;  The data of this second experimental studyl @680 and
=106 cm * and v, — v4=220 cni *, smaller or comparable 300 K, along with our theoretical predictions are reproduced
to the vibrations ofJ. Consequently, although the relatively as the black points and lines in Fig. 15. The open experimen-
high frequency individual vibrations of methane may nottal points atT,=680 K are comparable data taken from the
cool appreciably when expanded at low concentration in Hseparate Fig. 3 experimental run and provide some sense
or He carrier gasedlike most diatomickthere is reason to of the experimental reproducibility and the effect of altered
believe that vibrational cooling will increase as the methanejata analysis. Importantly, the consistently derived filled ex-
concentration increases and more intermethane collisions ogerimental sticking data of Fig. 15 indicate that sticking is
cur. increased by a factor of 2 asT, is increased from 300 to

To date, in the absence of spectroscopic studies, it hag80 K over the range of translational energies where we
invariably been assumed thg= T, for methane in molecu- calculate the Cli seeding ranged from 4% to 60% in He at
lar beam dissociative chemisorption studies. The excellent,=680 K and from 1% to 14% in Kat T,,=300 K. Our
agreement between theory and experiment in Fig. 3 fof CHtheoretical predictions indicate the sticking should have in-
dissociative sticking over the range 1.172¥,>0.4 eV at  creased by a factor of 3 asT, was increased from 300 to
T,=680 K, where CH was seeded from 1% CHn H, to 680 K.
as little as 20% CHlin He, suggests thal,=T, is a rea- An interesting question is whether the vibrational tem-
sonable assumption here. Similarly, the £flicking predic-  perature of the methane gas in heated nozzles actually equili-
tions over the 1.3 e¥E;=0.83 eV range, where the,H brates to the nozzle temperature before its expansion. This is
seeded beam was less than 11%,CBre excellent and con- not a problem for a room temperature beam because all the
sistent withT,=T,. However as noted above, theory in- plumbing leading up to the nozzle is already at room tem-
creasingly overestimates the ¢bticking ask; falls over the  perature. For heated nozzles, the question reduces to whether
range from 0.4 e#E,=0.23 eV atT,=680 K and the the number of collisions the molecules experience as they
% CH, seeding in the beam increases from 20% to 100%traverse the heated portion of the nozzle is sufficient for in-
We suspect this increasing discrepancy between theory andrnal energy equilibration to the final nozzle temperature. In
experiment is due to increasing vibrational cooling in thelaboratory studies of nozzle design, Mullins has found that
molecular beam as the GHoncentration of the beam climbs for simple straight nozzles, for some combinations of stag-
above~20%. nation pressure and nozzle diameter, even translational

Interestingly the theoretical predictions of the £élick-  equilibration of pure He gas can lag the nominal nozzle tem-
ing data atT,=300 K displayed in Fig. 3 consistently un- perature unless the nozzle is heated over at least 9 inches of
derestimate the experimental sticking. One complication ists length(e.g., heating the last 2 inches of a straight nozzle
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to 900 K brought the He gas temperature up to only 60%xperiments were done at fixed gas temperatuFg,
K).”® Presumably, internal energy equilibration of poly- =300 K, and variable surface temperature 10087K
atomic molecules to the nozzle temperature is more difficult=400 K, rather than withT,=Ts as in the CH/Pt(111)
than translational equilibration because of relatively ineffi-equilibrium simulations of Fig. 14, the resulting effective
cient collisional energy exchange coupling to vibrations.  activation energy and sticking coefficients are nonequilib-
The Fig. 5 predictions of sticking versusT}/(assuming  rium ones. Such nonequilibrium sticking is easily handled
T,=T,) over the 0.3-0.5 eV beam translational energywithin the PC—MURT model and will be discussed further
range suggest that the Fig. 15 dataTat=680 K would be  below. Here, let us simply note that the relatively depressed
modulated~2-fold if the methanel, systematically lagged T,=300 K of the CH/Pt(110) chemisorption experiments
T, by 100 K, either through incomplete internal equilibration leads to about an order of magnitude less sticking than the
of the gas in the nozzle prior to supersonic expansion or b¥ig. 14 predictions for Ci/Pt(111) whereTl;=Ts.
vibrational cooling during expansion. Clearly, the Fig. 15
T,=680 K data are predicted to be quite sensitive to any lag
of T, from T, and are complicated by a % Ghseeding B. Comparison to theory
range that crosses the20% level where vibrational cooling The PC—MURT parameters for GHiissociative chemi-
is believed to become significant. Nevertheless, the Fig. 13orption on Rtl11) derived by optimizing simulations to
agreement between theoretical predictio@ssumingT, || the dissociative sticking data of Fig. 3 under the premise
=T,) and experiments remains relatively poor, particularlyi,at T,=T, are the apparent reaction threshold eneyy,
for the T,=300 K data. If we assume for a moment that the~ g1 eV (over a C—H stretch reaction coordinate
entire experimental data set of Fig. 3Tat=680 K suffered  |ymped low frequency representative of the SHPt stretch-
from a known amount of vibrational temperature lag or cool-ing| mode along the surface normal and the frustrated

ing, then it might well be possible to re-simulate the data torgtations within the physisorption potential wellyp
find optimal new PC—MURT parameters that would simulta-= 110 cni'%; and the number of surface vibrational modes

neously agree with the Figs. 3 and 15 experiments. For exhat can freely exchange energy in the local adsorbate—
ample, according to Fig. 5, i, laggedT, by ~100 K at  syrface complexs=3. These values compare favorably to
Tn:680 K, then the Flg 15 experimental ratio of2 for the EO: 0.635 eV, vp= 130 Cm71, and s=3 values ob-
sticking atT,=680 K versus 300 K could be reproduced. tained by Ukraintsev and Harrisdin an earlier implemen-
Unfortunately, T, has never been characterized in methangation of a PC—MURT that contained many approximations
molecular beam experiments. We choose not to re-simulatg facilitate numeric calculations. The predictions of an alter-
the data usingTl, as a new free parameter of our model. native thermally assisted tunneling mottdior dissociative
Instead let us restate that the current optimization of the threghemisorption of Clj on P{111) are almost uniformly in
PC—-MURT parameters under the assumption that T,  discrepancy with experiment by 1 to 2 orders of magnitude
should yield an upper bound fdi, if the true experimental and predict a three fold greater kinetic isotope effect than is
data suffers some lag or cooling ®f from T,,. The theory  experimentally observed. Given the excellent agreement of
will then overestimate the vibrational energy in the mol-the PC—-MURT with experiment, including the kinetic iso-
ecules and must posit a higher barrier to return the measuragpe effect, we believe that tunneling is insignificant in meth-
experimental sticking coefficien€omplementary to the ear- ane dissociative chemisorption and that dissociation occurs
lier discussion in Sec. IV C, it appears that optimizing theprimarily via an ordinary “over the barrier” mechanism.
PC-MURT parameters by simulation of experimental data  Electronic structure theory€ST) calculations for CH
under the assumption that, ¥ T, will yield an upper bound dissociation on R111) have provided a variety of estimates
for Eq. for the apparent reaction threshold enerfgy, Using a 10-
The Fig. 4 experimental data derive from two different atom cluster model of Pt11) and the atom superposition
molecular beam machines and the agreement with the PCand electron delocalization molecular orbitASED—-MO)
MURT theoretical predictions is really quite good. Broadly method, Anderson and Maloney calculatég=0.45 eV.®
consistent with the vibrational cooling discussion above, thérhe semiempirical bond-order conservation Morse-potential
worst agreement is at the lowdstwhere the Cl{ seedingis (BOC-MP method has been used to estim&tg=0.84
calculated to be the highest, at 18%. eV’®andE,=0.78 eV’ More recently, generalized gradient
The thermal dissociative sticking predictions for meth-approximation density functional theo(@GA—DFT) calcu-
ane on RL11) are displayed in Fig. 14. The activation en- lations yieldE,=0.66 eV.® The most sophisticateab initio
ergy for CH, chemisorption at 500 K is predicted to Bg EST calculations for methane dissociative chemisorption
=0.686 eV. Although experimental studies of the thermalwere made by Yang and Whitten for Gkbn Ni(111), not
sticking of methane on Pill) are lacking, Sun and Pt111), where they found Eg[CH,/Ni(111)]=0.72
Weinberd* have measured an effective activation energyeV.'® The Whitten calculations indicate that although the
E.(Ts), of 0.624 eV for 300 KCH gas incident on a transition state for methane dissociation on th€llM) sur-
P1(110—(1x2) surface by varying the surface temperature.face is primarily over an atop site the dissociation products
The more open 110 surface is generally more reactive must ultimately separate to occupy nearby sites with higher
than the close-packed (B11) surface and it is expected that coordination. We assume that similar dissociation energetics
the equilibrium activation energy for methane chemisorptiorapply for CH,/Pt(111)/° a system that is experimentally
on P{110) should be lower. However, because the Weinbergound to be more active than GNi(111) and consequently

Downloaded 20 Dec 2002 to 128.143.181.163. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



866 J. Chem. Phys., Vol. 118, No. 2, 8 January 2003 Bukoski, Blumling, and Harrison

presumed to have a loweE,. The Eo[CH,/Pt(111)] 1. Effective activation energies

=0.61 eV determined in this paper by PC-MURT analysis  As shown in Figs. 4 and 5, the surface and nozzle tem-
of the IBM molecular beam data appears to represent a regsrature dependence of the initial dissociative sticking coef-
sonable upper bound for the true reaction threshold energyficient of methane on P11 is distinctly non-Arrhenius.

The number of surface oscillators participating in freeThe slopes of these curves vary markedly with surface tem-
exchange of energy within the GHPt(111) physisorbed perature, nozzle temperature, and beam translational energy
complex was determined to Ise=3. Given that the dissocia- and have no clear relationship to the thermal activation en-
tive sticking coefficient obeys normal energy scaling and th%rgy, E,, or the apparent reaction threshold energy,
molecular translational energy parallel to the surface wasyjithin the framework of the PC—MURT it is possible to
treated as inactive and as a conserved quantity, the surfagg|cylate “effective activation energies” from the surface
oscillators are logically constrained to be incapable of exung nozzle temperature dependence of the dissociative stick-
changing parallel translational energy. Therefore, the PCng coefficient. Another effective activation energy can be
MURT model suggests that three surface oscillators acting ilerived for the case where a thermal ambient gas at variable
the direction of the surface normal participate in energy extemperaturef, is made incident upon a surface at fixed sur-
change within the physisorbed complex and these oscillatorg,qe temperature. The slopes of these sticking curves and
presumably derive from three separate and adjacent surfag@sociated effective activation energies are theoretically
atoms. Interestingly, in poisoning studies of steam reforminggynd to depend on the specific experimental conditions and
on Ni surfaces, the minimum ensemble size of surface atomgys provide no special information about the reactive poten-
required for reactior(rate limited by CH dissociative ad- jg) energy surface or dynamics. Of course, the PC—MURT is
sorption was estimated using a mean field analysis as2.7, 5 statistical microcanonical theory that treats all forms of
a number quite similar to our estimate ©f 3 above. More  active energy available to the physisorbed complexes on an
likely relevant is a recent DFT investigation of dissociativeequa| footing and the total information content of the theory
chemisorption of Cij on Ir(111) that found the surface sub- derives from its free parameteli., Ey, vp, ands) that can
stantially relaxes at the transition state, with the one Ir atonhe fixed by simulation of varied experimental data or derived
most directly underneath the reacting £Hisplaced out-  guantities such as effective activation energies. On the other
wards along the surface normal by 0.41°AWith this kind  hand, if a dynamical theoretical description of methane dis-
of transition state(not generally explored in the pashe  gocjative chemisorption is required and the statistical PC—
surface temperature should strongly influence dissociativgqUrT model is inappropriate, there may indeed be more
chemisorption and several surface atoms would likely be regetailed information that can be learned from effective acti-
quired to participate in the surface relaxation. vation energies.

We define the effective activation energy associated with
the surface temperature dependence of the sticking coeffi-

C. Reaction dynamics on a multidimensional potential .
cient as

energy surface

One of the primary advantages in using supersonic mo- E(To=k,T? d(In S(Ty)) , (87)
lecular beam methods to study the dissociative chemisorp- s dTs

tion of molecules on surfaces is the ability to independentlyyhereS(T,) is the surface temperature dependent dissocia-
control the translational and internal energy distributions of;,e sticking coefficient. Following the same approach as our
the incident molecules and the surface thermal distributiongerivation of the thermal activation energy, we expose the

By selective variation of the translational and internal ener< face temperature dependence of the sticking coefficient by
gies of the incident molecules and the surface temperature,\};,riting

is possible to initially access different regions of the multi-
dimensional potential energy surface governing dissociative _ f”’ * *. *

. . . . . o Ty)= E*)f(E*;Ty)dE*, 88
chemisorption. Although the multidimensional dissociative S(Ts) 0 SEDH ) 8

sticking data derived from molecular beam experiments can .o -
usually be summarized using empirical fitting forms, no rig_wheref(E :To) Is the surface temperature dependent initial

orous connection has been made between the resulting eXNEr9Y distribution of physisorbed complexes and is given by

perimental fit parameters and unique features of the reaction E*

dynamics or the potential energy surface, such as the reaction F(E*Ts)= J; fo(E* —Egfs(EsTs)dEs. (89
threshold energ}? As shown in Sec. IV, we have derived

both exact and approximate expressions within the PCANn EQ. (89), fs(EsTs) is the energy distribution of the local
MURT for the thermal activation energy which provide a cluster of surface atoms at temperatligeand f4(E) is the
connection between the reaction threshold energy and thgonvoluted energy distribution for all active degrees of free-
measured activation energy in thermal experiments. Here wdom of the incident gas phase molecules,

extend our analysis to characterize multidimensional disso- p<(Eo)
ciative sticking by deriving theoretical expressions for effec-  f((EgTs) = We‘ Es/kpTs
tive activation energies, efficacy of sticking, and fractional s\'s

energy uptake parameters that might be experimentally me&ombining Eqs(88)—(90) gives the surface temperature de-
surable and verifiable. pendent sticking coefficient,

(90)
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1 * o [E* . 1
S(Ts)=mfo S(E )Jo fq(E* —E) Ea(Tn):;{(Ev('yTn»R_(Ev(')’Tn»}

X ps(Eg)e Es/koTs dE¢ dE*, (92) 1
pS( ° ° + X{<Er()\Tn)>R_<Er()\Tn)>}
and taking the derivative according to E&7) gives

1 1
Eo(To) = (E«(T))r—(E<(To)), 92 =5 BalTo= 7T+ BT =ATo). (%6)

for the effective surface temperature activation energy. Ifvhere(E,(yT,))r and(E,(\T,))r are the mean vibrational
this expression{Es(Ts))r is the mean surface energy of ang rotational derived energies of those physisorbed com-
those physisorbed complexes undergoing reaction anflexes undergoing reaction ané, (yT,)) and (E,(\T,))
(E4(Ty)) is the mean surface energy of all physisorbed comzyre the mean vibrational and rotational derived energies of
plexes formed under the specific experimental conditions. g the physisorbed complexes under the specific experimen-
The nozzle temperature dependence of the sticking coety| conditions. In the usual way, effective activation energies
ficient can also be characterized by an effective activatioggsociated with the independent variation of the vibrational

energy, and rotational temperatures are defined By(T,) and
a(In S(T.) E.(T,). Clearly, the dissociative sticking coefficient has a
n -
EL(T,)=k,T2 nlJ (93) complex dependence on the nozzle temperature of the mo

aTy lecular beam. To the extent that the incident beam molecules
_ = are always well cooled in the rotational degrees of freedom
As opposed td=,(Ts), which specifically relates to the sur- gych that the rotational temperature is much smaller than the
face degrees of freedork,(T,) relates to both the vibra- temperature of the other degrees of freedom., f,(E) is
tional and rotational degrees of freedom of the incident molygrrow and much more sharply peaked nEarO than the
ecules because both are dependent upon the nozzigner distributiond the rotational contribution t&,(T,,) in

temperature. To complicate matters further, due to vibragq (96 is relatively smallca. 3% forn=0.1 and 3, so that,
tional and rotational cooling of molecules in a supersonic

molecular beam expansion, the temperatdreandT, char- 1

acterizing the energy distributions of these degrees of free- E (T,)=—{(E,(yTn))r—(E,(¥yTn))}
dom are certainly less than the nozzle temperature and the 14
exact dependence is currently unknown. Here we simply
characterize these temperatures in an empirical way as some
fraction of the nozzle temperature such that the vibrational
temperature is given ag,= yT, and the rotational tempera- can be an excellent approximation.

ture is given ag,=\T, . Typical estimates of and\ are 1 In the case where a thermal ambient gas at variable tem-
and 0.1, respectively. As before, we assume canonical energyeratureT,, is incident upon a surface at temperatlitewe
distributions for the vibrational and rotational degrees ofdefine the gas temperature dependent effective activation en-
freedom of the molecules in the molecular befsee Eqs. ergy as

(50) and (51)],

1
=;Ea(TU= ¥Tn), (97)

Ea(Tg) = kaém_ (98)

Pi(E)) £t
(& T =gy 1" (94 4
. ) o . With the thermal energy distribution of the active degrees of
wherej can be eitherw or r for vibration and rotational freedom of the incident gas denotedfgéE,;T,), the initial
distributons, respectively. The nozzle temperature depende@;1ergy distribution of physisorbed complexes is
initial energy distribution of physisorbed complexes is then,

E*
E* E* —E f(E*;T )=j fo(EX —Ey)fy(Ey Ty dE,, (99
(T = [ foulBon [ BT o7 ], THE TR EiTe)ds
X f (E* —Eg— E,;T,)dE, dEgp, (950  and the associated effective activation energy is
wheref +(Eqp) is the convoluted initial energy distribution Ea(Tg) =(Eq(Tg))r—(Eq(Ty)), (100

of all other active modes in the physisorbed complex. The

effective activation energ¥,(T,) can now be obtained by where the derivation has been carried out in the usual way.
using this expression fof(E*;T,) in Eq. (29) for the PC— In Eq. (100), (E4(T,))r is the mean energy derived from
MURT sticking coefficient and differentiating with respect to the gas of those physisorbed complexes undergoing reaction
T, according to Eq(93), being careful to include the nozzle and(E4(T,)) is the mean energy derived from the gas of all
temperature dependence of the rotational and vibrationahe physisorbed complexes under the specific experimental
temperatures. The result is conditions.
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2. Efficacy of sticking some to incorporate explicitly into the distribution function.

S i . To circumvent this problem, we note as before that although
The energy dependence of the initial dissociative stick—" . .
. . . . E} is not exactly equal to the mean translational energy, they
ing coefficient measured in supersonic molecular beam ex-

periments is frequently characterized by defining “efficacyare approximately the same(H)~Ey) for reasonable

S . choices of T, and E,,. For this reason, we simply replace
of sticking” parameters. These efficacy parameters are USL%—EO with E, in Egs. (10D—(103 above to obtain an ap-

ally defined as the logarithmic derivative of the sticking co- . . : -
efficient with respect to the first moment of the distribution proximate expression foB, . Taking the derivative of Eq.
P (45) with respect tdE,,, being careful to include the depen-

.pe ’82 . "
of a specific type of energ%}. For example, using a mo dence of the normalization constant Bp, gives
lecular beam it is possible to control both the mean transla-

tional energy and the mean vibrational energy of the incidenbft(Et.Eb) 1 oN 1 E,
—{ ( Ve~ 1) } fi(EcEp). (104

molecules so that one might define a “translational efficacy"T =N 7E. + T
as B;=d(In S/XEy), and a “vibrational efficacy” asg, b b Tblt
=d(In S/KE,). It should be noted that the experimental dis- Sypstitution of this derivative into E4103 gives
tributions f(E;) and f,(E,) are not delta functions and

higher momentge.g. widths of these distributiongésee Fig. 1 oN 1 [ (VE)r
2) are also likely to be important in determining experimen-  Bt= N 9E, ' kT, JE. -1], (105
b

tally realized sticking coefficients that theoretically involve

convolving thef;(E;) distributions and integrating over the for the translational efficacy whetg/E,)g is the mean of the
microcanonical sticking coefficientsee Figs. 2 and 13  square root of the translation derived energy of those phys-
Nevertheless, various authors have ugednd g, as a basis jsorbed complexes undergoing reaction under the specific ex-
for investigating whether a dynamical or statistical model isperimental conditions.

more appropriate for describing methane dissociative chemi-  ag opposed to our expression for the translational effi-
sorption. Here we derive expressions ey and 8, within  cacy, a rather simple form for the vibrational efficagy,,

the framework of the PC-MURT. can be derived within the framework of the PC—MURT. Not-
To derive an expression for the translational efficacy paing that

rameter, we first formulate the initial energy distribution of
the physisorbed complexes with the dependence on the mean ¢ aT, 4

translational energy explicitly shown, a(E,) - E,) dT,’ (106

*

E hereT, is the vibrational temperature of the incident mol-
f(E* (E =f fon(E* —E)f(Eq(E))AE,. (10n W v peralt ;
(B*XE)) ot OT(BG(B)AE. (10D es andCy(T,)=d(E,)/JT, is their constant volume vi-

. . . . brational heat capacity,
In this expressionf,(E*;(E;)) is the translational energy pactly

distribution of the molecules in the molecular beam and 1 a(InY9 ELT,)
fon(Eom) represents the convoluted initial energy distribu-  8,=— T : vv . (107
tion for all other active degrees of freedom of the incident Cu(Ty) v kpT,CV(T,)

molecules and surface. The initial dissociative sticking Coef_'Assuming that the vibrational temperature in this expression

:IhC:]m :/Ser? :;UﬂCtIOI’] of the mean beam transational energy ' related to the nozzle temperature of the incident molecular
9 y beam viaT,=yT,,, wherey is a constant, the vibrational

= [E . . efficacy is related to the nozzle temperature dependent effec-
S((Ep)= fo S(E )fo fon(E* —E) fo(Er(Ey))dE dE*. tive activation energy derived above, E§7),

(102

: - _ _ Ea(Th)
Differentiation of the natural logarithm of Eq102 with Bﬁm' (108
respect toE,) gives bin¥=ViYin
1 [ £ If(E(Ey)) as long as the rotational contributionEg(T,) can be safely
,8t=—f S(E*)f for( E* —E{)——=+—dE; dE*. neglected. This defines a relationship between experimen-
SJo 0 0<Et> . .. . .
(103 tally derivable quantities that constitutes a prediction of the

statistical model. Unfortunately, direct measuremeny oé-
Note that the(E;) dependence of the sticking coefficient quires vibrational hot band spectroscopy of the molecular
arises solely from the translational energy distribution. Furbeam making evaluation of E¢L08) difficult.
ther evaluation of Eq(103) requires specification of a func- Luntz and Bethur@ have pointed out that the sticking
tional form for f,(E*;(E;)). of their CH, molecular beam on Pt11) data of Fig. 3 above
A convenient form for the normalized flux-weighted at Ts=800 K and T,,=680 K is well described byS
translational energy distribution of molecules incident on the= 0.073E;"27 which leads to variablgs;. As E, increases
surface from a supersonic molecular beam is given by Egfrom 0.2 to 1.3 eV,3, decreases from=20 to 3 eV 1. By
(45). Although an analytic expression for the mean translaway of comparison, Luntz and Bethune evaluagdfrom
tional energy that would result from averagiig over the their CH, beam data of Fig. 15 in which, was varied from
Eq. (45 distribution can be written down, it is too cumber- 680 to 300 K. Assuming,=T, and no contribution to the

Downloaded 20 Dec 2002 to 128.143.181.163. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



J. Chem. Phys., Vol. 118, No. 2, 8 January 2003 Microcanonical unimolecular rate theory 869

TABLE Il. Dissociative chemisorption at thermal equilibrium at a temperature of 500 K: Fractional energy
uptakesf;; mean energy derived from tfjin degrees of freedom for complexes undergoing reactg(ir) );
mean energy derived from thjth degrees of freedom for all complexes formed at a temperaturge;(T*)).

(Ej(T))r [eV] at T=500 K (Ej(T*)) at T*=1350 K

Mode | f; (E*(T))gr=0.92 eV [eV] ky T*
Translationt 0.13 0.12 0.12 1.0
Rotationr 0.18 0.17 0.17 1.5
Vibration » 0.33 0.30 0.32 2.7
Surfaces 0.36 0.33 0.33 2.8

sticking from rotational energy of the incident molecules,under given experimental conditions that is the key issue in
they foundB,=12.3 eV 1. Over the 0.3 to 0.5 eV range of dictating the fractional energy uptakes. Certainly in this mi-
normal translational energy wheg, was evaluated to be crocanonical theory, energy in any active degree of freedom
constant at 12.3 e\, B, ranged from 14.2 to 8.54 e\ is equally effective in helping to surmount the reaction bar-
Based on these experimental observations and the theoretia#dr to dissociative chemisorption so only the relative avail-
analysis given here, it seems likely thtand 8, are largely  ability of the different types of energy can matter.

functions of the experimental particulars. Consequently, ex-  For the thermal Cll/Pt(111) system at 500 K the active
perimental findings oB;# 8, may be quite consistent with a degrees of freedom for those physisorbed complexes under-
statistical theory of dissociative chemisorption and con-going reaction can be described by an effective temperature,
versely a finding of3;= B, under some experimental condi- T*~1350 K. The assignment of an effective temperature to

tions is not necessarily supportive. the active degrees of freedom is based on the fact that at the
high temperatures potentially descriptive of the reacting
3. Fractional energy uptake complexes, the translational and rotational degrees of free-

dom of the incident molecules will be in the equipartition

In order to characterize energy consumption in the d|s—Iimit such that the correspondenceg,(T))s=k, T* and

sociative chemisorption of methane on(1Rfl), we define

~3 i
fractional energy uptake parametefs, as (E,_(T))R— 5kp, T* can be made. Table II pr0\_/|des a com-
. parison of the calculatedg;(T*)) to (E;(T))g in eV and
fi=(E)r/(E*)r, (109 K, T*. Note that for a Planck oscillator of frequeney, an

where(E;)g is the mean energy derived from tjtk degrees oscillator whose energy is measured from its zero point level,
of freedom of the molecules or surface that form those phythe equipartition limit is reached afE)nghr=ky T
sisorbed complexes undergoing reaction &fd)g is the — 3h v,. Consequently, the Table Il entry fdiEy(T*))
mean total energy of those physisorbed complexes underge=2.8k, T* correctly represents the equipartition limit for
ing reaction under specific experimental conditions. For thehree surface oscillators at the mean Pt phonon frequency of
thermal CH/Pt(111) system at equilibrium at 500 K, Table 122 cmi . The detailed balance implications of Table II for

Il gives the fractional energy uptakes from the rotationalthe reverse reaction, Gkd)y+H)—CH,g), in thermal
vibrational, translational, and surface degrees of freedom, asquilibrium under idealized experimental conditions where
well as the associated energies for those physisorbed como additional side reactions are posside.g., CH
plexes undergoing reaction. Clearly, for the equilibrium sys— CHj, )+ H)] will be discussed elsewhef8.

tem at 500 K, the surface and vibrational degrees of freedom In contrast to dissociative chemisorption at thermal equi-
contribute the most energy to the reacting physisorbed comniibrium, in molecular beam experiments the fractional energy
plexes and are thus most important in promoting dissociativeiptakes andE;)g's for the different degrees of freedom can-
chemisorption. In the statistical PC—MURT model it is the not generally be related to a common effective temperature.
relativeavailability of different types of energy to form phy- Table Il provides a listing of;, (Ej)r, (Ej), andE4(T))
sisorbed complexes with sufficient pooled energy to reactor our standard molecular beam conditions of Figs. 2, 9, 10,

TABLE lIl. Dissociative chemisorption for the molecular beam of Fig. 2: Fractional energy uptgkeagan
energy derived from thigh degrees of freedom for complexes undergoing reagtig)y; mean energy derived
from the jth degrees of freedom for all complexes formeH;); effective activation energieskt,(T;)
=k, T 3(In S)/dT;=(E;)r—(E).

(EprleVv] (E;) [eV]
Modej f; (E*)g=1.19 eV (E*)=0.87 eV Ea(T)) [eV]
Translationt 0.54 0.64 0.62
Rotationr 0.008 0.0092 0.0088 0.0004
Vibration v 0.16 0.19 0.05 0.14
Surfaces 0.29 0.35 0.19 0.16
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and 11(NB E=E* +E,q Wwhere E,;=0.163 eV) in which ence and high pressure catalysis—a problem sometimes
the beam’s translational stream energlg,=0.61 eV, referred to as the “pressure gaf’”

matches the apparent threshold energy for chemisorption.
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